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PREFACE 

This book is the substance of a course of lectures given by the 
author during the summer of 1917 to a Company of the U. S. 
Reserve Signal Corps troops. From the employees of the West- 
ern Electric Company who had volunteered for service two com- 
panies were formed, one at Hawthorne, Ills., and the other at New 
York City. These men were retained on the pay roll of the Com- 
pany and their training was carried out on company time by 
other employees. In radio-communication this training con- 
sisted in part of the course of lectures mentioned above and in 
part of laboratory work. To Major Jewett, Chief Engineer of 
^the Western Electric Company, the author is indebted for this 
Opportunity of assisting in the training of our Expeditionary 
jPorces. It is in the hope that the method of presentation, found 
, acceptable to this Signal Corps Company, may be of wider use 
^that this text is published. 

^ The individual men to whom the lectures were given differed 
i^widely in the extent of their previous training in electrical engi- 
neering. The author, therefore, adopted a method which in- 
vvolved practically no mathematics except elementary algebra 
^and presupposed but a limited knowledge of physics. (This 
^method solves problems like that of determining the natural 
frequencies of tuned and coupled circuits or that of finding the 
effective value of a sinusoid.) Described in mathematical terms 
it consists in the development and use of two concepts, namely, 
that of the vector operator "j" and the differential operator "p." 
Since all the functions with which the radio-engineer has to deal 
are expressible in exponential form by the use of "j," only one 
very special case of the operator "p" need be considered. With 
a knowledge of this one case, which may be developed in an ele- 
mentary manner, the student becomes equipped with tools of 
analysis which in some school curricula are delivered to him only 
through a two years' drill in calculus, and differential equations. 
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vi PREFACE 

In selecting the material for these lectures there was eliminated 
all that of purely historical interest, e,g,f coherers, and also that 
of purely theoretical interest, e.flf., much of the conventional text- 
book material on the transmission of electromagnetic waves. 
The aim throughout has been to present fundamental principles 
and methods rather than detailed instruction as to apparatus 
and its operation. The present rapid development of radio- 
apparatus makes such descriptive material a necessary accom- 
paniment of the manufacturer's apparatus rather than a desirable 
part of a text. The student trained in the fundamentals will 
find small difficulty in dealing with the apparatus of that new 
stage of the art into which radio-communication seems to be 
entering. 

In order that as many as possible of these fundamental prin- 
ciples shall be available to the reader whose working knowledge 
even of algebra is negligible, the material involving algebra has 
been concentrated into chapters I and V. The important chap- 
ters, 777, IV, VI and F77, on the vacuum tube, on detection, on 
undamped waves, and on radio-telegraphy and telephony have 
thus been made practically non-mathematical. Since the method 
followed in chapters 7 and V is readily applicable to the more 
difficult problems of transmission over wires an appendix is 
added in which such application is made. 

In the diagrams accompanying the text the symbols standard- 
ized by the I.R.E. have been used consistently. But few foot- 
note references have been introduced and those mostly to the 
Proceedings of the Institute of Radio Engineers. Of the papers 
presented to this Institute in the past few years many have been 
the first disclosures of important advances in the art. For per- 
mission to reproduce some of the illustrations of these papers the 
author expresses his thanks to the Institute. Thanks are also 
expressed to Mr. C. R. Englund for reading part of the proof. 

John Mills. 

New York, 
October, 1917. 



A NOTE FOR THE 
NON-MATHEMATICAL READER 

Each science or art has its own peculiar terminology. To the 
wireless engineer, a ''tikker'' is a definite piece of apparatus. 
To those untrained in wireless, the word might seem to represent 
anything from a clock to a stock market printing telegraph. 
Drivers of oxen used the words ''gee" and "haw" to operate upon 
a team of oxen so as to change its direction 90° to the right or to 
the left. An officer operates upon a squad to rotate the direction 
in which it is facing 90° to the left by the command "left face." 
The mathematician operates upon a line pointing in any given 
direction to rotate it 90° counter-clockwise (i.e., left handed) with 
thespSymbol ^'." If the sergeant operates upon his squad twice 
in successicfti with the command "left face" the result is an 
"about face" or a complete reversal of direction. If the mathe- 
matician operates twice in succession with "^'" he too obtains 
a complete reversal which he represents by a minus sign (— ). 
This idea of representing a 90° rotation by the symbol "y" is 
inherently no more difficult than the idea of "left face." Its use 
is fundamental to the theoretical portions of this text. 

Another ndea fundamental to the text is that of a "rate of 
change." A speedometer operates to tell the driver at any instant 
the speed or rate of change of position of his car. In our daily 
life there are many similar illustrations of instantaneous speeds 
or rates of change. Now if the mathematician wishes to repre- 
sent the operation of finding at any instant the rate of change 
of some quantity, he does so by prefixing to it the letter 'p." 
Thus if S represents the space (e.g., miles) the car travels then 
pS will represent its speed. The use of a symbol like "p" to 
represent an operation, namely "the operation of finding the rate 

of change for the quantity to which p is prefixed" should be con- 
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Viu A NOTE FOR THE NON-MATHEMATICAL READER 

sidered of the same grade of difficulty as the use of symbols com- 
posed of dashes and dots to represent letters and words in the 
familiar Continental Code. 

Beyond these two fundamental ideas, involved in the symbols 
"j" and "p," there is no mathematics in this text except simple 
algebra, that is the addition, subtraction, multiplication, and 
division of quantities expressed by letters, instead of by numbers 
as in arithmetic. Because the quantities are electrical, e.g., cur- 
rent, voltage, and resistance, the letters used are t, v, 22, etc. 
instead of the usual a, 6, c, and x, y, z of algebra. 

Although the ideas involved are simple, as is seen above, the 
ready use of these ideas in their symbolic expression requires 
practice just as the ready use of the symbols of the telegraph code 
requires practice. To assist the student in such practice, some 
problems of gradually increasing difficulty are given with solu- 
tions or answers in Part I of the problems at the end of the text. 
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RADIO COMMUNICATION 

THEORY AND METHODS 

CHAPTER I 

I 

ALTERNATING CURRENTS 

Electricity. — In the world in which we live we recognize the 
existence of ponderable matter from its characteristic of inertia, 
that is, from the fact as Newton expressed it, that "any body 
continues in a state of rest or of uniform motion in a straight ' 
line, except insofar as compelled by force to change that state." 
It is by the forces we exert, the reactions they meet, and the 
motions they produce that we obtain our earhest and most fun- 
damental ideas of this universe. By observations of the motions 
produced, the early scientists discovered the phenomena of 
electrification. Later observations and careful reasoning showed 
the divisibility of matter into molecules and of molecules into 
atoms. Still more recent work of scientists has demonstrated 
the existence of subdivisions of the atom, which have been called 
electrons. While molecules and atoms have specific properties 
depending upon the substance from which they are obtained, the 
characteristics of an electron are, independent of the source, that 
is, chemical substance or material, from which it is derived. ' 

In the earlier development of the science of electricity it was 
recognized that all electrified or charged bodies can be grouped 
into two classes, such that all the bodies of either class repel all 
the other bodies of the same class, but attract all bodies of the 
other class. There thus appeared to be two kinds of electrifica- 
tion, and the terms "positive" and "negative" were arbitrarily 

1 



2 RADIO COMMUNICATION 

introduced for purposes of distinction between the two classes. 
This terminology is used today, and however charges of electric- 
ity are produced, it is agreed by scientists to call a chaise positive 
when it is repelled by a glass rod which has been rubbed with silk 
and negative when it is repelled by an ebonite rod which has been 
rubbed with cat's fur. 

According to this terminology the electron, which is a charged 
particle or corpuscle, is negatively charged. It is more exact 
to say that the electron is a negative charge, for it has no recog- 
nizable mass in the same sense as poQderable matter has mass. 
It exhibits inertia when subjected to electrical repulsion by other 
electrons, but the amoimt of inertia depends upon the velocity 
with which it is moving. It is convenient, however, for purposes 
of forming a concept of the electron, to consider it to have an 
inertia or mass about 1/1860 part of that of the atom of hydrogen. 

In the structure of matter electrons are associated with nuclei 
of atomic size and form atoms which show no properties of elec- 
trical charges. An atom (or molecule) may have dissociated 
from it by various means one or more of its component electrons. 
When an atom has lost an electron it has, as viewed from the 
standpoint of the normal uncharged atom, a deficiency of n^a- 
tive electricity and therefore has the characteristics of a positive 
charge. The phenomenon of charging a body consists then in 
either adding electrons to it or subtracting them from it. 

The conduction of electricity is accomphshed by the motion of 
carriers of electricity, the nature of which is determined in part 
by the medium. In the case of solid conductors the electrons are 
the carriers. In the case of liquid and aeriform media, in addi- 
tion to the electrons, the molecules or atoms are free to move and 
when charged these also act as carriers of electricity. The car- 
riers obey the law that like charges repel and imlike attract, and 
their motions are due to such attractions or repulsions. 

Electrical Magnitudes. — In the conduction of electricity we 
distinguish three magnitudes: namely, the total quantity of elec- 
tricity transferred; the rate at which electricity is transferred. 
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« 

called the current; and the cause of the transfer, called the elecn 
tromotive force. For a given electromotive force the current will 
depend upon the nature of the conducting path through which the 
transfer is effected. The ratio of the electromotive force (cause) 
to the current (effect) is called the impedance of the conducting 
path. 

Electrical Units. — To express numerically these magnitudes 
of an electrical circuit, namely, electromotive force, current and 
impedance, requires the adoption of a system of units in which 
they may be measured. Just as various units have been adopted 
for the expression of non-electrical magnitudes — as for example, 
length and area — so various units, or rather systems of imits, have 
been used in the science of electricity. Of the three systems in 
use, one, the so-called practical system, takes account but indi- 
rectly of the physical relations involved and defines the units in 
terms of certain standards or methods of measurement. In this 
system the units of electromotive force, current, and impedance 
are respectively the volt, the ampere, and the ohm. Thus a 
steady e.m.f. of 1 volt acting in a circuit of impedance 1 ohm 
causes a steady current of 1 ampere to flow. A current of 1 
ampere flowing for 1 second results in a transfer of a quantity of 
electricity called a coulomb. 

Resistance. — The current which flows in a circuit depends 
both upon the e.m.f. and upon the nature of the circuit. The 
ratio at any instant of the e.m.f. to the resulting current is the 
instantaneous value of the impedance. In a circuit where no 
storage of electrical energy takes place, that is, a circuit containing 
no condensers or inductances, the instantaneous value of the 
impedance is independent of the previous electrical history of the 
circuit. In circuits involving energy storage, the transfer of 
electricity going on at any instant is due not only to the im- 
pressed e.m.f. but also to the redistribution of energy occasioned 
by the storage reservoirs. In the former type of circuit, energy 
is dissipated but not stored, and the dissipated energy is supplied 
directly and instantaneously by the impressed e.m.f. While for 
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this 6ase the instantaneous impedance is independent of the pre- 
vious history of the circuit, it is not necessarily a constant inde- 
pendent of the current. For example, doubling the e.m.f . applied 
to a circuit may or may not result in double the current depend- 
ing upon the nature of the conducting circuit. Where the con- 
ducting path is metallic (and essentially free from inductance) the 
current is proportional to the e.rh.f . if the other conditions such as 
temperature remain constant. In this case the impedance is 

constant, and Ohm's law holds. The im- 
pedance is then spoken of as an ohmic re- \ 
sistance. On the other hand, in the cases 
of conduction through a vacuum or through 
a gaseous medium. Ohm's law does not 
hold. The impedance of a gaseous path 
is in general a pure resistance, but the ratio 
of e.m.f. to current is not a constant. Fig. ! 
Fig. 1.— E.m.f .-cur- 1 shows typical e.m.f.-current curves for 

rent characteristics of ^^e twO cases. 
resistance. 

In curve A is represented the case of a 
metallic conductor, for which 

V == Ri 

where R is the impedance (resistance) of the circuit. 
Or we may write: 

i = v/R = kv 

in which case k is the conductivity of the circuit. j 

In the case of the gaseous conducting path, the relations of 
which are as shown in curve B, we may write: 

i = a + bv + cv^ + dv^ 

where a, b, c, and d are constants. I 

Storage Reservoirs for Electrical Energy. — Electrical energy 
may be stored either in a magnetic field or in an electrostatic 
field. The magnetic field may be created by a current flowing 
in a conducting circuit, in which case the circuit is called indue- t 
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tive. "The magnetic field, and hence the energy stored In it, will 
depend upon the geometrical form of the circuit and upon the 
current flowing in the circuit. The factor by which the energy 
for any given circuit is determined from a knowledge' of the cur- 
rent is called the inductance of the circuit. If the path followed 
by the magnetic lines of force is free from iron or other magnetiz- 
able substances the inductance is a constant independent of the 
current. If iron is present in the magnetic field formed by the 
current in the circuit, the inductance is in general much greater 
than for air, and, because of the variations in permeabiUty of the 
iron, is not constant but is a more or less complicated fimction of 
the current. For the wireless engineer most of the inductances 
used are essentially iron-free. 

Inductance. — It is convenient to define the inductance of a 
circuit in terms of the current and the e.m.f., instead of in terms 
of current and energy as implied above or, as is frequently done, 
in terms of current and magnetic flux. Whenever a change 
occurs in the magnetic field linking with an electrical conductor 
there is induced in the conductor an e.m.f. This e.m.f. of self- 
induction is, of course, equal and opposite to the e.m.f. which 
would have to be applied to the conductor to produce the same 
change in magnetic field. The change in magnetic field is 
produced by a change in the current flowing in the circuit, and 
the inductance or self-inductance of a circuit is defined as the 
ratio between the e.m.f. induced and the rate at which the 
current changes in value. Thus let v represent the value of 
the e.m.f., L the self-inductance, and i the value of the current; 
and also let p stand for the expression "rate of change of," so 
that pi means "the rate of change of V' Then 

* 
L = v/pi OT V = Lpi (1) 

A circuit will then have unit inductance when 1 unit of e.m.f. is 
required to maintain a current which is changing at unit rate; 
that is, in the practical system a circuit has unit inductance. 
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namely, 1 henry, when an e.m.f. of 1 volt is required to produce a 

change in current at the rate of 1 ampere per second. 

Capacity, — Energy is also stored in the electrical field existing 

between two or more charged bodies. In this case the field, and 

hence the energy, depends upon the charges or quantities of 

electricity and upon the geometrical configuration of these 

charges. A system of conductors insulated from one another 

and so capable of holding charges and of maintaining a field 

between the conductors is called a condenser. The capacity 

of a condenser is that factor, by the use of which the energy 

may be calculated from a knowledge of the charges. Between 

the conductors or plates of a condenser there exists, of course, 

an e.m.f. available in case a conducting path is supplied from 

one plate to the other for producing a current. The capacity 

may be defined also in terms of this e.m.f. and the current. 

This e.m.f. is obviously equal and opposite to that which would 

have to act in such a conducting circuit in order to bring about 

this distribution of charges. In terms of this e.m.f. the capacity 

is defined as the ratio of the charging current flowing to the 

plates and the rate of variation of the e.m.f . causing this current. 

Hence if i represents the charging current and v the e.m.f., 

the capacity is defined by 

C = i/pv (2) 

where p has the same significance as before. The unit of capacity 
is then that of a condenser, where a imit charging current will 
be maintained by increasing the e.m.f. at imit rate. Or, in the 
practical system, a farad is the capacity of a condenser where a 
charging current of 1 ampere is maintained by an e.m.f. in- 
creasing at the rate of 1 volt per second. 

The Operator p. — ^The letter p, meaning "rate of change of," 
is an operator in the same way as the letters log and sin are 
operators, indicating the results of performing the operation 
of taking the logarithm or the sine of the quantity to which they 
may be prefixed. Also, just as log"^ and sin"^ represent results 
the inverse of these operations, namely, the operation of find- 
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ing the quantity whose logarithm or whose sine is the quantity 
to which they may be prefixed, so p~^ is an inverse operator rep- 
resenting the result of finding the quantity whose rate of 
change is that of the quantity to which the operator is prefixed. 
Thus if 

X = sin y, 
then , 

or 

And if 

then 

or if 



sin-i (sin y) = y, 



sin"^ X = y. 



t = pv, 



p-H = p-l pv ==: pOy =z ff 



i= CpVj 
where C is a constant and does not vary with v or f, then 

p-H = p-i (Cpv) = Cpr^ pv = CVf 
or 

V = p-i i/C (3) 

Impedance. — ^As we have seen above, it is only in the case of 
a circuit formed by a pure resistance that we can state the 
numerical value of the impedance without a knowledge of 
either the appUed e.m.f. or the resulting current. Considering 
the case of a circuit formed by an inductance, we have in equation 
(1) an expression of the fact that the value of the e.m.f. required 
at any instant to force a current i through the inductance de- 
pends upon the rate at which the current is changing in value 
at that instant. Obviously if the current is constant its rate 
of change is zero, and no e.m.f. is required to overcome' the self- 
inductance of the circuit. If the current is increasing, its rate 
of change is positive. On the other hand, if the current is 
decreasing its rate, pt, is negative and the e.m.f. required is 
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negative. In other words, for this case the required e.m.f. is 
less than zero; that is, the inductance by its own properties 
tends to maintain a current. 

What impedance a given inductive circuit offers depends 
then upon the rate of change of current within .the circuit. The 
cases of most interest to the engineer are those in which the 
current is periodic; that is, undergoes similar variations at times 
separated by constant intervals or periods. The complete 
series of values assumed by the current in the period is called 
a cycle, and the number of cycles per second, that is, the reciprocal 
of the periodic interval, is called the frequency. Such a current 
may be either pulsating or alternating. In the former case 

the direction of transfer of electrons 
along the conducting circuit remains 
always the same, but the number of 
electrons transferred per second, that is, 
a' the current, varies as time progresses. 
In the latter case both the value of the 
current and its direction in the circuit 
undergo variations with time. As will 
be seen later, a pulsating current may 
be considered to be the resultant of a 
steady unidirectional current and a 
superimposed alternating current. 

Sinusoidal Alternating Functions. — The simplest case of an 
alternating current or an alternating e.m.f. is one in which the 
successive values assumed by the current are proportional to 
the sine of an angle, which in turn increases constantly as time 
progresses. Such functions are called sinusoidal. The defini- 
tion of the sine of an angle as the ratio in a right-angled triangle 
constructed on the angle of the side opposite the angle to the 
hypothenuse is a special definition limited to angles less than 
90^. In general the sine of an angle 6 is to be found by assuming 
a definite length of line, e.g., OA in Fig. 2, to be rotating about 
one extremity 0, so that the other extremity A describes a 




Fio. 2. — Definition of sin d 
and cos 6, 
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circle, by defining the angle 6 as the amount of rotation from 
some assumed position as OA', and then by defining the sine of 
this angle as the ratio of the length AB of the perpendicular 
from A upon OA' to the length of the rotating line; that is 

sin ^ = AB/OA. 

If the rotating radius OA is taken of unit length, then 

sin e = AB. 

If -4 B is above the line OA' it is taken as positive, and if below 
as negative. The angle 6 is positive if measured counter- 
clockwise from OA'. If the radius OA rotates through 360° 
or 2ir radians in a time T, then its angular velocity is2ir/r, and if 
time is measured from the instant that OA is coincident with 
OA', 
then 

e = 2Tt/T, 

where t represents the time. 
It is sometimes convenient to show the successive values 

m 

assumed by the sine by plotting them against an axis of time as 




/ \ 

...-Ll 




v,^ 



Fio. 3. — A sinusoidal function. 

shown in Fig. 3. A sinusoidal function is then of the form 
V = E .sin 2Trt/T. At i = this function is zero. It has a 
maximum value of E sA t = T/4t. When t = T/2 it is again 
zero. From t == T/2 to t = T it ia negative, reaching its mini- 
mum value of—E at t = 37/4. The time T is then the periodic 
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interval required for the function to pass through its cycle of 
values. The frequency / is, as above, 1/T. Hence 

V = £ sin 2irft 
or for convenience, 

V ^ E sincot 

The equivalents «, 2t/ and 2ir/r are all expressions for the 
angular velocity of a rotating radius, to the projection of which 
upon some reference line the instantaneous values of the sinu- 
soidal function are proportional. 
Referring again to Fig. 2, the cosine of ^ is defined by 

COS 6 =OB/OA, or cos $ = OB, when OA = 1. 

It is also evident that 

cos> = sin (^ + 90*") 
cos ^ = - sin (^ - 90*") 

Vectors. — ^It is convenient to consider the rotating radius of 
Fig. 2 as but a special case of a vector. A vector is defined as a 
quantity having both magnitude and direction. With a 
vector representation of displacements, velocities, and forces, 
the student of elementary mechanics is already familiar. The 
law for the addition of two vectors is most easily seen when 
the vectors represent motions. Thus let the point m of Fig. 4 
undergo two displacements represented in direction and mag- 
nitude by the vectors a and b. Obviously, due to displacement 
a the point m must lie somewhere on the line PQ, and due to 
displacement 6, somewhere on the line RS, and hence at m'. 
The resultant displacement is c, which is a vector representing 
the combined effects or addition of a and b. This resultant is 
seen to be the diagonal of a parallelogram constructed on the 
two vectors a and b as sides. The rule for the addition of 
vectors may be better expressed as follows: From the extremity 
of one vector, as a, draw the other vector, as b, in its proper 
direction. The vector c required to complete the triangle is 
the resultant. 
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Conversely any vector, as c, may be assumed to be the re- 
sultant of any two vectors which, when combined as above, will 
give c for their resultant. Thus in Fig. 5, c is the resultant of 
a' and V and also of a" and 6", or it may be the resultant of 
an infinite number of combinations other than those shown 
in the figm-e. The vectors of each pair, as a' and 6', are called 
the components of c, and the process of finding a pair is called 
resolution. In general the resolution of a vector c is made into 
rectangular components, as a'" and 6'" of Fig. 6, one of which lies 
along some desired axis. In this case 

a'" = c cos 6 and 6'" = c sin ^ 

Returning now to a consideration of the rotating vector OA 
.which was used to define the sine of an angle, it is seen in Fig. 2 





Fig. 4.--Additioii 
of vectors. 



Fig. 5. — Resolution of a vector. 



Fig. 6. — Rec- 
tangular compo- 
nents of a vector. 



that it may be resolved into two components, as OB and BA or 
OB and OC. Let OA be of unit length; then the vector OB is 
defined as the cosine and the vector OC as the sine of the angle. 
For all angles between and 180*^ the vector OC points upwfilrd 
and varies only in magnitude, not in direction, but for angles 
between 180° and 360° it points downward. Hence if we take 
the upward direction as positive, we should call the reverse 
direction negative. Thus the vector OC, defining the sine, gives 
at once not only the numerical value but also the algebraic 
sign. Similar reasoning shows that the sign of the cosine is 
given by the vector OB. 
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Vector Operators. — We have just made use of the idea that 
reversing the direction of a vector means reversing its algebraic 
sign. Now reversing a vector may be considered to mean 
rotating it through 180*^. Given a vector X, then we can in- 
dicate the result of the operation of rotating it through 180** 
by prefixing to X a minus sign, or writing (— 1)X. We may 
then look upon (—1) as an operator, which when prefixed to a 
vector represents the result of reversing it or of rotating it 
through ISO*". 

Now it is convenient to represent the result of other operations 
upon directed quantities, as for example, the operation of 
rotating through 90**. To represent such an operation the symbol 
j is used. Thus jX represents a rotation of the vector X through 

90** counter-clockwise. If we operate upon 
^ ^ f^mj£ this new vector jX by the operator (—1), 

we get — iX, which is a. vector of length 
that of X but rotated through 90** + 
^n 180** or —90** from the original position. 
Thus for illustration, if we are dealing 
with the points of a compass and start 
5^ ijE ixoxxi the direction east, say £, then north 

Fig. 7.-The'operator"y." ^ ^'^' ^^* ^ "^ ^^^ SOUth is -J^, aS in 

Fig. 7. 
A rotation of 360** may be considered to be the result either 
of an operation of rotating through 360**, thus leaving the vector 
in its original position, or as the result of two successive opera- 
tions, each rotating through 180**. Thus —X represents a 
rotating of X by 180** counter-clockwise, and —(—X) repre- 
sents a rotation of —X by 180**, that is, a rotation of X by 360**, 
bringing it back to its original position. Then —(—X) must 
equal X, as it does. Similarly a rotation of 180** may be thought 
of as two successive rotations of 90** each. Thus jX represents 
a rotation of X by 90*^ counter-clockwise, and iyX represents a 
rotation of jX by 90*^, or of X by 180**. But —X also represents 
a rotation of X by 180*^. Hence — X = jjX ^ i^X, if we let the 



Hi'^E 
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exponent represent the number of successive times the operator 
j is applied. Then —1 (X) = j*(X), or —1 = j* and j is 
said to be V-l> which is an imaginary quantity, the square 
root of minus one. For convenience vectors operated upon by 
j are called imaginaries and those not so operated upon are 
called real^. - 

Returning again to Fig. 2, the rotating vector OA in any posi- 
tion, as that shown, is the sum of the vectors OB and OC. Let us 
take as a reference direction that of the line OB. Now OB is 
cos 6 and OC is sin $, but the direction of OC is 90** counter- 
clockwise from the assumed reference direction. The vector 
OC may therefore be considered to be the result of laying off 
along the reference direction a vector of length OC and then 
of operating to rotate it through 90°. Thus OC may be written' 
as j sin $. The rotating vector OA is then the sum of the two 
vectors cos 6 and j sin 6. , 

The vector OA is, however, to be considered as the result of 
operating upon a vector as OA' of the same length or magnitude 
and originally pointing in the reference direction, so as to rotate 
it counter-clockwise through an angle B] that is, cos B + j sin-d 
is a vector operator like ( — 1) alid j, except that it results in a 
rotation through an angle of B instead of 180° or 90°. We may 
then write 

OA = (cos ^ + i sin B)OA' 

In general if it is desired to operate upon a vector X so as to 
produce a rotation of ^, we indicate the operation by writing 
(cos B -^r j sin B)X. As a check let it be desired to rotate X 
through 90°. We may indicate this as (cos 90° + j sin 90°)Z, 
which upon substitution of cos 90° = and sin 90° = 1, reduces 
to jJT, as it should. 

The operator (cos ^ + j sin B) msiy, however, be more con- 
veniently written by making use of two trigonometric formulae; 
namely, 

2j sin B = c^'^ - f^ (4) 

2 cos ^ = €^ + €'^^ (5) 
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from which we obtain by addition, 

cos ^ + i sin ^ = €>*^ (6) 

If a vector of fixed length is to be rotated continuously and 
with constant angular velocity, it becomes necessary merely to 
make 6 in the above operator an angle of constantly increasing 
size, by writing 6 = o)L Let the fixed vector be of length E and 
let it start at zero time from the positive direction of the axis of 
reals. Then the rotating vector OA is 

OA = (cos (at + j sin o)t)E =£? cos (at + jE sin (at. 

The rotating vector is then seen to be composed of two vectors, 
one along the axis of reals and varying as a cosine, and the 
other along the axis of imaginaries and varying as a sine. But 
OA = E^^^f so that we may use E^*^^ as a general expression, 
recognizing that its real part is a cosine function, of which the 
maximum value is E, and its imaginary part is a sine function 
of the same maximum amplitude. 
Phase. — Consider the two expressions 

£^eJ-(««+(?) = [coQ{cat + 6) +j sin {<at + e)]Ei 
and 

Bac^*^ = [cos (at + j sin (at]E2. 

The first expression represents a rotating vector which is always 
ahead of the second vector by the angle 6. The angle 6 is then 
said to represent a difiference in phase between the two vectors. 
If ^ is negative, the second vector leads the first, that is, the 
first mentioned vector lags behind the second. 

In this case we have arbitrarily taken the second vector as 
a reference vector and assiuned it to start its rotation at ^ = 0. 
The two vectors need not, however, be referred, one to the 
other, but both might be referred to some arbitrarily assumed 
vector which starts at a time i = 0, in which case,both vectors 
would be represented by expressions of the same form as that 
of the first vector above, except that the phase angle 6 would 
have different values in the two cases. 
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It is convenient to recognize that 



€^ = eos^ + i sin ^ = i (7) 



and 



2-^—2 



€""^2 = COS I - i sin| = - i (8) 



and hence 



and 



/("'+i) =e^«</i=, j^w 



(9) 



/("'-2) = ^cf g ^2 = _ j^coi (10) 

Equations (9) and (10) thus indicate two ways in which a phase 
difference of 90® may be represented. 

Conjugate Vectors. — The vector vi = jBV"' has been shown 
to be a vector of length E' which revolves counter-clockwise 
with an angular velocity of « radians per second. This vector 
is also to be considered as the sum of two vectors which do not 
rotate but which undergo sinusoidal variations in magnitude, . 
one directed along the axis of reals and of value at any instant 
E' cos (atj and the other directed along the axis of imaginaries 
and of value E' sin tat. Thus 

vx = £V«' = JB'cos (at + jE' 8in cat (11) 

A vector of the same length, also starting from the axis of reals, 
and rotating with the same velocity but clockwise would be 

Vi = £'€-•'«< = E' cos (at - jE' sin (at (12) 

The sum of these two vectors is 

V = vi + V2 = -BV"* + JS'e--'"' = 2E' cos (at (13) 

Equation (13)' indicates that the sum of two rotating vectors 
which are equal in magnitude and velocity but opposite in 
direction of rotation is a vector which does not rotate. This 
vector is directed along the axis of reals and it varies in magnitude 
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sinusoidally, starting at < = with its maximum value of 2E\ 
The two vectors and their sum at a time t — t axe shown in 
Fig. 8. 

These two rotating vectors which differ only in their direction 
of rotation are called conjugates. If either vector of a pair of 
conjugate vectors is given, then the other vector is obtained at 
once by reversing the algebraic sign of j wherever it occurs in 
the expression for the given vector. 

Vector Representations of Alternating Currents and E.mi .'s. — 
When an alternating e.m.f. is applied to an electrical conductor 
each carrier of electricity, e.g., an electron, is urged first in one 
direction along the conductor and then in the opposite direction 
with a force which varies sinusoidally. If the maximum force 
acting upon the electrons is 2E' and if the frequency is co/27r 
then the instantaneous value of the e.m.f. may be represented by 
V of equation (13) above. This follows at once from the fact 
developed above that v represents a sinusoidal variation along 
a fixed line. 

Similarly, a sinusoidal alternating current of maximum 
value 27 may be represented by a pair of conjugate rotating 
vectors. Thus 

i = 7ei«' + le-^^* = 21 cos <at (14) 

This method of representing sinusoidal currents and e.m.f.'s 
avoids all the cumbersome trigonometric expressions and trans- 
formations which frequently obscure the physical relations 
involved. Thus the reader who is already familiar with the 
usual trigonometric methods may compare the two methods 
in Problem 14, page 191 and the footnote of page 28. The 
method involving vector operations will be seen to result in 
greater simpUcity, also, wherever "rates of change" are con- 
cerned. Although a symbol "j," commonly known as an 
imaginary, has been introduced it will be remembered that the 
conjugate vectors of equations (13) and (14) were shown to 
represent real currents and real e.m.f's. 
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In equations (13) and (14) v and i have their majdmum 
values at the moment when t is zero, that is, at the instant at 
which we begin to consider their variations. K it is desired to 
have the e.m.f. or the current start at < = frofn a value of 
zero then it is necessary to write two new expressions, namely, 
Vx and ii which shall differ from v and i of equations (13) and 
(14) in phase by 90°. Thus E €^'("*-'/2) jg ^^l^ expression for a 
vector 90° behind E^""'. But by equation (10) jBe^^"*-'/^) 
may be written as - i£?€^"'. Similarly jBe"-''^"'"'/^^ is a vector 
rotating clockwise which is 90° behind the clockwise vector 
Er'"^ that is ^e--'^"'-'/^) ^ jEt"'"^. In the first case both 
vectors -are rotating counter-clockwise as shown in Fig. 9. 
In the second case both vectors are rotating clockwise as shown 
in Fig. 10. Hence 








ee-J^ 



FiQ. 8. — Conjugate vectors repre- Figs. 9 and 10. — Conjugate vectors 
senting 2/ cos tat. representing 2/ sin <jsI, 



if 

then 

or 



Vi = - j^€^«« +jE€'^''^ 



(16) 
(16) 



Vi = — jE(co8 cat + j sin cot) + jE{cos (at — j sin (at) 
= - f 2E sin (at = 2E sin (at (17) 

Equations (15) and (16) are two equivalent expressions for the 
same pair of conjugate vectors. 
In problems involving sustained alternating currents the 
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student is interested in a recurring cycle and it is immaterial 
at what point in the cycle he starts his consideration. In such 
problems it is therefore more convenient to consider time to 
start when the sinusoid is at its maximum value as in equations 
(13) and (14) rather than when it is at zero as in equations (15) 
and (16), since these expressions involve an extra use of the 
operator j. It is also evident that at times it may be necessary 
to deal with sinusoids starting at i = from values other than 
either zero or a maximum. These-eases will be discussed in a 
later section. 

Rates of Change for Sinusoidal Functions. — It is shown in 
textbooks of mathematics that if 



then 



y = e«' 



py = ae**' = ay. 



This fundamental theorem may be accepted by the reader or 
he may verify it for himself after the manner of problems 16 
and 16 of pa^e 184. 

In the expression y = €** it is important to remember that t, 
representing time, is what is called an independent variable, 
that y is the dependent variable and that a is a constant. The 
expression translated into words means that as t assumes different 
values, y also assumes different values which, however, depend 
upon those assumed by t. Corresponding to any value of t, 
say ti, there is then a value of y, say yi, which is found by raising 
the number e (equal to 2.71828 + ) to the power ati thus yi = e'^K 

The rate of change of y is then the rate at which the dependent 
variable is changing with respect to the independent variable. 
The expression for this rate, namely ae^^ translated into words 
means that at just the instant when t has some value, say hy 
the quantity y, which at the moment is of value t/i, is changing 
or passing through this value at the rate ae®** which is also 
expressible as ayi. Similarly, when t — t2, 2/ = 2/2 = «"'* and 
py = ae"^* = ay2. 

Consider then an expression of the form z = Ac*' where 



ALTERNATING CURRENTS 19 

A is a constant, that is, is independent of i as to its value. It 
is evident that z is always A times as large as y. Hence also 
the rate of change of z, that is, the change in z per unit change 
in t, will be A times as large as the rate of change of y. Thus 

pz= p{Ay) = Apy = Ai.ae'^) = aA^* = az. 

If for A and a we substitute E and j« respectively and for 
2 write t; then for 

we have 

pv = p(^€^"0 = EpeJ"^ = EiJcaeJ"^) = jajv. 

Similarly if 

V = Ee"^"^^ then pt; = t- ycov. 
Hence if 

v = E€''^ + jE'e"''"' as in equation (13), 
then 

pv = joiE^"" - i«^€""-'"' (18) 

also if 

V = -i^€^""' + jEe-'"" as in equation (16), 
then 

pv = - jpiEeJ^ + jp(E€'-^''^) 

= C0J5€^«^ + toi^C--''"^ ' (19) 

By comparison of the above with equations (9) and (10). it 
appears that if an alternating e.m.f. is represented by the sum 
of two conjugate vectors then the rate of change of this e.m.f. 
is represented by the sum of two conjugate vectors, each « 
times as large as the vectors of the expression for the e.m.f. 
and each advanced 90° further in the direction in which it is 
rotating. 

Inverse Rates of Change. — If y = c"' then the expression 
p-^y means the quantity whose rate of change is y. Let this 
quantity be Wy then w = p^^y or, pw = yhy deiBnition of p"^ 
It is evident that if ty is put equal to y/a it will satisfy this 

condition since pw = piy/a) = -r = "i" = ?/• 
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Hence for expressions of the form 



' 1 



(20) 

CO CO 

Thus it is seen that the quantity whose rate of change is the 
sum of two conjugate vectors is itself the sum of two conjugate 
vectors, each 1/co part as large and each shifted 90® counter t,o 
its direction of rotation. 

General Expression for Conjugate Vectors. — Consider the 
vector of the form v = £6^'^^+^) = (E^)^''^ which was originally 
discussed on page 14. This vector is shown in Fig. 11. It 
is evident that it starts its rotation from a position B radians 
from the reference Une or axis of reals, since at i = it 




FiQ. 11. — Conjugate vectors representmg 2/ cos («( + d). 

equals E^ as shown. The conjugate of this vector which is 
to have a negative rotation must then start as shown in Fig. 11 
from the position JSe"^. The sum of these two conjugate vectors 
is a sinusoidal variation along the axis of reals but it starts at 
t = with the value 2E cos B as is evident. Now consider 
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Substitute for e^* and e"^^, giving 
t;= [E cos e + jE sin 6] €^«« + [^ cos 6 - j^ sin $] €"-'"« 

This is*in the form of 

i;= J5V«« + ^'€-^«* (21) 

= (El + j£2)€^"' + (^1 - i^2)€-^«' 

where J5' = ^i + J^2 = ^ cos d + jE sin ^ (22) 

and E' = El- 3E2 === E cos $ - jE sin 6 (23) 

the symbol £' being used to represent the conjugate of JB'. The 
general expression for a pair of conjugate vectors, as we see 
by reference to Fig. 11 and to the above expressions, compre- 
hends a vector JB' rotated coimter-clockwise by the operator €^"* 
and a conjugate vector E' rotated clockwise by €"^"'. 

The sinusoid of equation (13) is obtained from equation (21) 
by placing $ equal to zero. The sinusoid of equation (17) is 
obtained by placing $ equal to minus 7r/2. 

If for the E or for the I of the second vector of the pair in all 
the expressions for conjugate vectors that have occurred in the 
previous sections we substitute E and I respectively the ex- 
pressions concerned become perfectly general and are no longer 
limited to the two special cases previously considered. Thus 
for equation (13) write 

V = E^'<^' + Et-^^' = {El + i^2)c^"' + (^1 - j^2)€"-^"' (24) 

then pv = jco^e^'"' — jwEe-^'"^ 

= MEi +jE2)eP-' - MEi - i^2)e-^"' 
= - co(£2 - ijE?i)€^"' - w{E2 + jEi)€-^'-* 

It El = E and -B2 = as in the original of equation (13), then 

= jcaEe^'"^ - jco-Be-"'*"' as in equation (18) 

Omission of a Conjugate Vector. — Since as shown above the 
operation of finding the rate of change of two conjugate vectors 
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results in a new pair of conjugates and since the conjugate of a 
given vector is always to be obtained by reversing its rotation, 
that is by changing the algebraic sign of j wherever it occurs, 
it is evident that greater brevity of expression may be obtained 
by writing only one vector of the pair. , Thus equation (24) 
may be writt^ v = E^"^ = (^i + jEi)^^ with the under- 
standing that the conjugate has been omitted. 

Now it will be remembered that the addition of the conjugate 
balances out the imaginary component of the first vector so that 
the sum of the conjugates represents a real sinusoidal quantity 
Uke a current or an e.m.f . If, therefore, one vector of the pair is 
omitted for convenience it must be done with the full under- 
standing that such action is not rigorous, that the single term 
involves both a. real and an imaginary components, and that to 
represent a real alternating quantity the conjugate must be 
introduced into the final result of any operations that may have 
been performed on the single vector. 

For many problems it is sufficient to write the single vector, 
letting its real component represent the given current or e.m.f, 
and then in the final result to let the real component represent 
the desired current or e.m.f. This procedure is only safe, how- 
ever, in solving problems of a type for which the rigorous solu- 
tion, using the pair of conjugates, is known to lead to the same 
results as the method under discussion. 

There is, moreover, one type of "problem where it is alxoays 
necessary actually to deal with both vectors of the pair. These 
problems involve either the product of two sinusoids or powers 
of the same sinusoid. It happens that in problems of this type 
the vector solution, even with the use of both terms, is in general 
not only shorter but free from all trigonometry and calculus 
and gives in simple vector form the desired results. For such 
an instance the reader is referred to page 61. 

Vector Impedance. — In a preceding section the impedance of 
a circuit was defined as the ratio of the e.m.f. impressed upon it 
to the resulting current. When, however, storage reservoirs 
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for energy exist in the circuit the current is not directly pro- 
portional to the impressed e.m.f. In fact, when the e.m.f. is 
zero a current may still be flowing due to the redistribution of 
the energy of one or more reservoirs. At such an instant the 
ratio v/i is 0/i and the impedance is zero. Similarly, the current 
may be zero at an instant when the e.m.f. is not zero. At such 
an instant the ratio v/i becomes v/Q and the impedance is 
infinite. Thus consider Fig. 12 where are represented an 
alternating e.m.f. and a resulting current. At times correspond- 
ing to the points marked 0, «>,— », the impedances are zero, 
infinity, and minus infinity respectively. The instantaneous 
impedance varies then from -co to + <» . 




Fig. 12. — Variation of »/i with time. 

It is evidently inconvenient to deal with the instantaneous 
impedance as defined above. What in most cases it is desired 
to know is first, the ratio of the maximum ampltude, E, pf the 
impressed e.m.f. to the maximum ampUtude, /, of the current, 
and second, the phase difference. By which the circuit occasions 
between the e.m.f. and the current. Assume for the moment 
that the e.m.f. leads the current. Then if the current is 

i = /€i«« + /e-i«' = 2/ cos (at '(25) 

the e.m.f. will be represented by a pair of conjugate vectors 
each E/I times as large as those representing the current and 
each advanced in its direction of rotation by 6. Thus the e.m.f. 
will be 

„ ^ ^ j^, •(««+») ^ ^ J, -iM+») ^ 2JE cos («< + (?) 
or . 
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or 

V = ZV* /c^*"' + Z'€->* I €-i^ (26) 

where Z' 135 the numerical value of E/I. 

The quantity Z'^ is called the vector impedance, and will be 
represented by Z. The quantity Z'c""^ is evidently the con- 
jugate of Z and is represented by Z. We may also write 

Z = ZV« =f J COS ^ +ij sin ^ . (27) 

In this form it is usual to call — j — the resistance and — j — 

the reactance component of the vector impedance. 

If, in arriving at the definition of Z as above, we had dealt 
with a current expressed in the more general form 

i = (Ji + ihy<^' + (Ji - iJ2)c--^«' 

or 

i = Je^ + U^i (28) 

where 

X = JO) and X = — jw. 

Then the e.m.f. would have been 

V = Z/c^ + Z7€^ = E€^ + ^c** (29) 



where 



and 



where 



= :^L + ^ = ^/^ (30) 






(31) 



Equations (28) and (29) are in the most general form. They 
reduce to equations (13) and (14) for E\ = E, E2 = 0, Ji = /, 
and Jj=0. Similarly for the same conditions, Z' of equation 
(32) reduces to Z' as given in connection with equation (26). 



CHAPTER II 

THE TELEPHONE RECEIVER 

Magnetism. — With magnets in the-form of compass needles 
and with the existence in and around the earth of a magnetic 
field, the direction of which at any point is indicated by the 
compass needle, the reader is, of course, familiar. He is also 
assumed to be familiar with the idea of north and south poles 
and with the fact that like poles repel and unlike attract. The 
direction of a magnetic field at any point is that in which a 
north-seeking pole would move. A magnetic field is then 
represented by lines of force which at any point show the di- 
rection of the field. The mechanical force which at any point 
would be exerted upon a unit of magnetism is the field strength. 
For convenience the Unes of force are assumed to be drawn or 
to exist so that the number passing through any square centi- 
meter of area (normal to their direction) is equal to the field 
strength at that point. The total number of Unes crossing any 
area is the flux. 

When a magnetizable body such as iron is placed in a magnetic 
field, the number of lines of force is increased. The ratio of 
the number per square centimeter of normal area, called the 
induction, to the number existing before the iron is introduced, 
that is, the field strength, is called the permeability of the iron. 
The permeability of a non-magnetic substance is unity. In that 
case the induction or flux per square centimeter is the same as 
the field intensity. For magnetizable substances the perme- 
ability is variable, depending upon the previous magnetic history 
of the substance and upon the induction in it. 

If a gap is formed in a magnetic circuit, as for example, the 
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gap between a horseshoe magnet and its keeper, as shown in 
Fig. 13, the mechanical force exerted across the gap, that is, the 
pull of the magnet upon its armature, is found to be propor- 
tional to the square of the induction across the gap. 

Magnetic Effect of a Current. — ^An electric current establishes 
in its vicinity a magnetic field. If the conductor carrying the 
current is long and straight, then the lines of magnetic force Tie 
in planes perpendicular to the conductor and form concentric 
circles with it. The direction of the current (conventionally 
taken as opposite to the actual direction of motion of the elec- 
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trons) and the direction of the magnetic lines about it are re- 
lated, as are the forward motion of a right-handed screw and the 
direction of rotation necessary to produce this forward motion. 

If the conductor is bent into a loop, then the Unes of force are 
no longer concentric with the conductor but are distorted by 
their interactions, tending to be closer together within the loop. 
In passing through the loop they all have the same direction. 
A single loop of wire carrying a current acts then like a flat 
disc magnet so far as attracting or repelling either a magnet or 
another loop carrying a current. This force in the case of two 
loops is proportional to the product of the two currents. 

If the conductor is woxmd as a helix, that is, spirally, the result 
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is practically that of a succession of flat loops and hence the 
helix acts like a bar magnet. The direction of the magnetic 
field within the helix is found by assuming the helix to be grasped 
with the right hand in such a way that the fingers point in the 
direction in which the current is flowing in the wires, the direc- 
tion of the magnetic field being then that of the thumb. 

The Telephone Receiver. — The telephone receiver is essentially 
the horseshoe magnet and armature of Fig. 13, upon which is 
impressed a magnetic field due to the current in a helix wound 
around part or all of the horseshoe. If at any instant the in- 
duction across the gap is 6, then the force pulling the armature 
or diaphragm toward the magnet is fcb^, where h\B b, constant. 

In general the horseshoe is a permanent magnet and when no 
current is flowing through the receiver winding there is an 
induction of B, The total induction at any instant, namely 6, 
is then the sum of B and the contribution to the induction made 
by the current. Neglecting changes in the permeability of the 
iron, this contribution will be proportional to the current in 
the receiver winding; that is, it will be fcii, where i is the in- 
stantaneous value of the durrent and fci is a constant. The 
pull on the diaphragm is then 

W = k{B + hii)^ = kB^ + 2kkiBi + kkiH\ 

If no current flows, the pull is a steady one of value fcB*. 
If the horseshoe magnet is removed and a non-magnetizable 
horseshoe substituted, B is zero and the pull*due to the current 
alone is kk^i^. 

The total pull is then made up of three terms, one representing 
the pull due to the permanent magnetism alone, one representing 
the pull due to the current alone, and the product term, 2kkiBi, 
representing the pull due to the superposition of two magnetic 
fields, namely, those due to the current and to the permanent 
'magnet. 

If it is desired that the diaphragm of the receiver shall have 
exerted upon it a force always directly proportional to the 
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current, so that its motions may reproduce for the human ear 
the variations in the received current, then the receiver must 
be so designed that this product term is important, and of the 
remaining terms, one, namely kB^, constant, and the other 
negUgible. This is obviously accomplished by making the 
induction due to the permanent magnet large, so that B is 
large as compared to kit. 

When the receiver is so designed, the displacement of the 
diaphragm is proportional to kii, but is much greater than kti 
by a factor of B. The greater B is made (other things being 
equal) the greater becomes the displacement of the diaphragm 
for the same input current. In other words, we amplify the 
effect of kii by B. The receiver diaphragm then repeats the 
variations in the current but in an amplified form. This fact 
of repetition and amplification is of importance, as will be seen 
later. 

If the square term of the current is not absolutely negligible as 
compared to the product term, then while there is repetition 
with amplification, there is also a distortion, in that the motion 
of the diaphragm is not directly proportional to the current at 
each instant but is greater than direct proportionality requires 
by the amoimt kkiH^. 

It is of interest to consider the nature of this distortion for 
the special case where the current i in the receiver winding is 
of the form I sin caL The distorting pull is then kki^P sin^ o)t, 
or kkiU^{l — cos 2o)t)/2. It varies then from zero when 2wi is 
or 360°, etc., to kki^P when 2ut = 180° or 540°, etc. This 
pull is then a pulsating one, equivalent to a steady pull of 
kk^P/2 and a sinusoidal pull, namely (ftfciV^cos 2w0/2, which 
is of twice the frequency of the input current.^ 

Actual Receiver. — ^Because of the fact that the diaphragm of 
a receiver is a stretched elastic body, it tends to vibrate most 
easily at a frequency, determined by its construction and elastic 

^ This is the trigonometric expression of the theorem developed on page 
190 in analysing the square of /(e'*^ + «"^'"*), 
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properties, which is known as its natural frequency. If the 
input current to a receiver is kept constant in amplitude but if 
its frequency is varied, it will be found that the greatest response 
or motion of the diaphragm occurs when the impressed frequency 
is the same as the natural frequency. 

The natural frequency will of course depend upon the design 
of the mechanical system of the receiver. A typical case is 
shown in Fig. 14, of page 31. 

EfFective Resistance. — The telephone receiver is an especially 
good illustration of a circuit of variable impedance. To imder- 
stand it better, it will be necessary to develop briefly the con- 
cepts of effective resistance and later of motional impedance. 

Consider first the case of a receiver winding woimd on a non- 
magnetic but conducting horseshoe, e.g.j a brass U. A steady 
unidirectional e.m.f. impressed upon the winding will cause a 
definite current and the ratio of this e.m.f. to its current is the 
direct-current impedance or ohmic resistance of the winding. 

If, however, the impressed e.m.f. changes, the current changes 
and also the magnetic field around the winding. An e.m.f. of 
self-induction is then called into existence lasting as long as the 
current is changing m value (and of course opposing this change 
and thereby delaying the final steady state). The product of 
this e.m.f. of self-induction at any instant and the current 
measures the power expended in producing this change. When 
the current has become steady, it will be evident that the mag- 
netic field about it has changed and hence that the energy stored 
in this field is greater or less than before. This change in 
energy is equal to the work done against the e.m.f. of self-in- 
duction. The alternating e.m.f. required to overcome the 
self-induction leads its current by 90® and hence the average 
power for this case is zero (as may be seen by considering the 
equation for power, developed in Problem 14 of page 191). 

Neglecting, however, for the moment the phenomenon of 
self-induction let us note that the changing magnetic field in- 
duces e.mi.'s in the brass horseshoe and these e.m.f.'s cause 
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local currents, called eddy currents. In the resistance of the 
paths offered to these eddy currents there is then a dissipation 
of energy which must be supplied by the impressed e^m.f . These 
eddy currents of course induce counter e.mi.'s in the receiver 
winding which must be overcome.by the impressed e.mi . exactly 
as in the case of the e.m.f. of self-induction and they represent a 
power expenditure in the same way, except that the power ex- 
pended against the e.m.f. of self-induction leads to a storage 
of energy in the magnetic field, while in the case of the eddy 
current the energy is dissipated in heating effects. Such eddy- 
current effects accompany any change in current in the receiver 
winding and are therefore particularly noticeable in the case 
of an altematmg current. Further, for the same maximum 
ampUtude of alternating current in the windmg, the eddy- 
current energy losses wiU increase with the square of the fre- 
quency since this energy is proportional to the square of the 
eddy e.m.f.'s and these in turn, being proportional to the rate 
of change of magnetic flux through the brass, are proportional 
to the frequency. 

If now the brass horseshoe is replaced by the iron one it is 
evident the same phenomenon occurs. In addition, however, 
in the case of the iron there are losses due to hysteresis. When 
some of the molecular magnets of which the iron is composed are 
caused by the alternating magnetic field to turn, first in one di- 
rection and then in the other direction, work must be done. 
This work depends upon the magnetic condition of the iron at 
each instant, that is, upon the induction and upon the frequency 
with which these alternations occur. 

The total work done by an alternating current flowing in the 
winding of a receiver (neglecting for the moment any motion of 
the diaphragm) is then seen to be made up of three parts, namely, 
one part due to the work done in overcoming the ohmic resistance 
of the winding, one part in establishing eddy currents, and one 
part in supplying the hysteresis losses in the iron. This work 
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all appears as h^at losses in the various parts of the electrical 
and the magnetic circuits. 

It is convenient to group all these losses of energy together 
and to define the effective resistance of a circuit as that resistance 
which an imaginary circuit free from eddy-current and iron 
losses must have in order that, for the same effective value of 
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FiQS. 14, 15 AND 16. — Characteristics of a telephone receiver. 



the current, the heat losses in the two circuits shall be the same. 
The effective resistance of an alternating-current circuit is then 
the factor by which the square of the effective current must be 
multiplied in order to give the total power losses. 

Because of the fact that eddy-current and iron losses increase 
with frequency, the effective resistance will increase with fre- 
quency much as shown by 72 in Fig. 16. This figure also shows 
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the numerical values of thev reactance X, that is, the portion of 
the impedance due to the self-induction. 

Motional Impedance. — So far in this discussion we have neg- 
lected the motion of the receiver diaphragm. The study of 
this motion may well be preceded by a consideration of some 
of the reactions in a direct-current motor. 

To every action there is an equal and opposite reaction. In 
fact, we frequently measure the action by the reaction. Thus 
in exerting, a force as by throwing a ball one is made conscious 
of the exertion by the reaction of the ball against his hand. 

In the case of a direct-current motor the armature turns as a 
result of the force which is exerted by the action upon each 
other of the two magnetic fields, namely, that due to the current 
in the armature and that due to the poles of the magnet. The 
current and hence the action is due to the impressed e.m.f. 
The reaction appe^^rs as a counter e.m.f. opposing the flow of 
current through the armature and, as is well known, making it 
less than it would be with the armature at rest, as for example, 
at the time of starting. This counter e.m.f. is of course induced 
in the armature as a result of its motion in the magnetic field of 
the pole pieces. The ratio of this counter e.m.f. to the current 
is an impedance which is called into effect by the motion of the 
armature and might therefore be called a motional impedance. 

In any direct-current machine, whether running as a generator 
or as a motor, there is induced in the armature an e.m.f. of 
Ea = KS where if is a constant and S is the speed, e.g., in r.p.m. . 
If a current of / is flowing through the armature the power is 
Eal' If this power is positive, the machine is acting as a gen- 
erator, if negative as a motor, in which case the direction of flow 
of current is against the induced e.m.f. or, in other words, the in- 
duced e.m.f. is then a counter e.m.f . Note that for a given value 
of current the power is greater the greater the speed, and that 
for a given speed the power is greater the larger the current. 

If an e.m.f. of £ is impressed upon the armature whose re- 
sistance is R then E — Eq that is^ E—KS, is th^ resultant e,m.f. 
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which forces a current of / through R. That. is 

E - KS =^ RI or E = RI + IKS/I 
Hence 

E/I = R + KS/I 

From this expression we see that the impedance of a direct- 
current motor may be written as the sum of two impedances, 
one the resistance R and the other the motional impedance 
KS/I, This motional impedance is not a constant but depends 
upon the motion, being greater for the case of greater response, 
that is, speed (other things being equal). This motional im- 
pedance is of course measured in ohms and in the case just con- 
sidered is in phase with the resistance. 

In the case of the telephone receiver the motion of the dia- 
phragm varies the reluctance of the magnetic circuit and so 
alters the flux through the receiver winding, thus inducing in 
it an e.m.f. If one talks into a receiver the output current from 
the receiver winding reproduces the variations of the voice and 
the receiver is similar in action to a generator. If the motion 
of the diaphragm takes place as the result of a current in the 
receiver winding, the induced e.m.f. is a counter e.m.f . and the " 
case is one of motor action. 

To determine the motional impedance of a direct-current motor 
it is necessary merely to measure E and / and subtract R from 
E/I, giving KS/I as above. The resistance R should be found 
experimentally by blocking the motor so that it will not turn 
and dividing the impressed e.m.f. by the armature ciu'rent. 

Similarly for a telephone receiver except that in this case both 
. impedances are complex instead of being pure resistances. Fig. 
15 shows a typical relation for the components of the impedance 
of a blocked telephone receiver. Fig. 16 shows the total im- 
p^ance when the block is removed and motion is allowed. 
The difference between the ordinate of the two curves ,oi R 
(Figs. 15 and 16) for any frequency gives for that frequency the 
real component of the motional impedance. And similarly the 
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diflference between the two curves of X gives its imaginary 
component. 

Let Ml and Ni be the real and imaginary components of the 
motional impedance at a frequency fi. Then the vector im- 
pedance for that frequency may be plotted as in Fig. 17. . If 
this is done for several frequencies it appears that the locus of the 
extremities of these vectors is a circle, as in Fig. 18. 

Consider now the power expended in the receiver. Let 
-Bi + jXi represent at frequency /i the impedance of the blocked 





Fia. 17. — Motional impedance of 
a telephone receiver. 



Fig. 18. — Circle diagram for 
motional impedance. 



receiver. The total impedance is then {Ri + Mi) + j{Xi + Ni), 
The e.m.f. required to force a current I through the winding is 
/ times this impedance. The power expended is this e.m.f . times 
the current. The average power expended is EI cos d as in 
Problem (14) of page 191. However, as may be shown, the 
power, EL cos d, is P times the real component of the impedance, 
hence is (JBi + Mi)P where / is the effective value of the 
alternating-current input. Writing this product as RiP + MiP 
it is seen that the power is composed of two parts, one, the losses 
in the effective resistance of the winding and the other, the power 
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expended in driving the receiver diaphragm. Below the natural 
frequency, Mi is positive and we have motor action. Above this 
frequency, Af i is negative and power is returned to the receiver 
winding by the moving diaphragm; that is, we have generator 
action. 

This is somewhat analogous to the case of an induction motor 
which runs, as is well known, as a motor below synchronism 
with the impressed e.m.f. but acts as a generator when driven 
above synchronism, delivering energy to the input line. 

For most practical purposes we are concerned in wireless work 
only with the fact that for any receiver with ah elastic diaphragm 
there is.a natural frequency at which the response for a given 
current input is greatest. It is weU to bear in mind, however, 
that in the neighborhood of this frequency the impedance of the 
receiver varies greatly as the frequency is changed. In the, 
case of the receiver the impedance is composed of two im- 
pedances, one, that of the receiver winding and the other, that 
of the reaction of the moving diaphragm. In the study of so- 
called coupled circuits we shall later meet a somewhat similar 
case in the fact that the impedance of a circuit may be considered 
to be its own impedance plus an impedance representing a re- 
action due to couoling with it a second circuit. 



CHAPTER III 
THE VACUUM TUBE 

Conduction of Electricity. — The conduction of electricity 
through a medium separating two electrodes which are main- 
tained at different electrical potentials by an e.mi. is the result 
of the movement in the medium of "carriers" of electricity. 
The nature of these carriers is determmed in part by the medium. 
Four cases may be distinguished, namely, solid media, liquid 
media, aeriform media (i.e., gases and vapors) and vacua. Of 
these four, only the last two will be considered in this chapter. 

Carriers of electricity may be classified first as to size and 
second as to the sign, positive or negative, of the charge which 
they carry. The smallest known carrier of electricity, jcaned 
the "electron," has a definite amount of negative electricity 
which is not to be dissociated from it. In fact, this negative 
charge itself is to be considered as constituting the electron. In 
the structure of matter, these electrons are associated with 
nuclei of atomic size and form atoms which show no properties 
of electrical charges. The norm in matter is, then, the un- 
charged atom or molecular aggregate of atoms. A normal 
atom or molecule may, however, have dissociated from it by 
various means one or more of its component electrons. When 
this is accomplished "ionization" is said to have taken place. 
When an atom has lost in this way an electron it has, as viewed 
from the standpoint of the norm, a deficiency of negative electric- 
ity and therefore has the characteristic of a positive charge. In 
this condition it behaves as a carrier of positive electricity and 
is called an "ion." The dissociated electron is also a carrier 

of electricity and as such is sometimes spoken of as an "ion." 
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Preferably, however, it is to be called an electron and the term 
*'ion" applied only to carriers^ of atomic or molecular size. 
Negative ions may be formed by the combination of a normal 
atom or group of atoms and an electron, but these are not 
of frequent occurrence in the phenomena under discussion and 
need not concern us further. 

That a vacuum must be free of ponderable matter such as 
normal atoms and ions follows at once from definition. Whether 
or not it is justifiable to admit the presence in a vacuum of 
electrons is perhaps a disputable question, but considering that 
the electron can be made to pass through ordinary matter as 
in the case of cathode rays, and also considering that it is elec* 
tricity rather than matter as we usually understand "matter," 
the definition of a "vacuum" for the purpose of this discussion 
will be "a space free from dislodged molecular or atomic masses." 
Of the two types of carriers defined above, it follows that only 
electrcMis can serve in conduction through vacua, while both 
electrons and ions may serve in conduction through aeriform 
media. 

So far as concerns the mere passage of an electrical current 
through a circuit containing an aeriform medium^ it is not 
essential under which of the foUowing conditions or under what 
combination thereof conduction takes place in the aeriform 
medium. The possible conditions (neglecting the action of 
negative ions) are: (a) Conduction by the motion of electrons 
from the negative electrode (i.e., cathode) to the positive electrode 
(ue.y anode); (6) conduction by the motion of positive ions from 
the anode to the cathode; (c) conduction by withdrawing from 
the medium to the anode, electrons, and to the cathode, positive 
ions. The phenomena of light, heat and current intensity 
occurring within the aeriform medium are dependent upon the 
above conditions and also upon the means whereby these carriers 
are brought into existence. 

From the preceding discussion it appears that an aeriform 
medium containing only normal atoms would be non-conducting 
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except as' render^ so by* thie action upon it of some ionizing 
agent, or except as ekctrons might be supplied at the cathode or 
ions at the anode for conduction, after the manner described 
above. We have then three methods, by any of which or by a 
combination of which a non-conducting aeriform, medium may 
be made conducting. They are: (1) The ionization of the 
medium; (2) the emission of electrons at the cathode; (3). the 
'Cniission of positive ions at the anode. 

It will be recognized that except in so far as free electrons are 
available for emission at the cathode, both ions and electrons 
are obtained by disrupting the normal atom. In disrupting 
atoms, equal numbers of ions and electrons are formed. 

Of the several methods by which the atom may be disrupted, 
there may be mentioned: (a) Ionization by ultra-violet light; 
(6) ionization by Roentgen rays; (c) ionization by radioactive 
substances; (d) ionization by chemical action; (e) ionization by 
collision with ions or electrons; (/) ionization by incandescent 
substances; (g) spontaneous ionization. 

It is not necessary to describe these methods in detail, since 
the basic principle of all except (g) seems to be that ionization 
occurs as the result of a stimulus or disturbance of the atom by 
contributions of energy derived from heat, electromagnetic 
radiation, or impacts with carriers. Even in a gas not subjected 
to any of the ionizing means named above, a small number of 
free ions and electrons is always present and is assignable in 
origin to a spontaneous disintegration of the atom.^ 

In the case of metals it has been held that* there is always 
present a large number of free electrons. These electrons are, 
of course, available for conduction in the metal. However, 
they may not be separated from the mass of the metal, except 
by heat as in the case of solids heated to incandescence, or by 
the application of some other means, as for example exposure to 
ultra-violet light. 

Upon the basis of the theory stated above, certain cases will 

^The cause is probably penetrating radiations from the earth. 
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now be considered, namely: (1) Conduction through vacua; 
and (2) conduction through gases or vapors. 

Conduction through a vacuum has been mentioned inci- 
dentally above. As stated, it can occur only as the result of 
the passage of electrons, since the passage of ions of atomic 
mass would violate the condition that the medium be a vacuum. 
The current then can pass only by the movement of electrons 
from the cathode to the anode. The only source of electrons, 
therefore, which avails for this conduction is the material of the 
cathode. This may be made to emit electrons by heating to 
incandescence or by illumination with ultra-violet light. 

In conduction through gases, two cases should first be dis- 
tinguished with reference to the condition of the medium at the 
instant that the conduction starts, namely: (a) when no ion- 
izing agent is active; and (b) when such an agent is present. 
In case (a) conduction starts either (1) as the result of such 
carriers as may be present in the gas, whether these are due to 
the spontaneous disintegration of some atoms or are residual 
from some previous ionization, or (2) as the result of some 
mechanical means for temporarily short-circuiting the non- 
conducting path of the gas. In both cases if conduction is to 
be maintained, the initial passage of electricity must introduce a 
self-perpetuating ionization means. The statements of the^ 
two preceding sentences may be seen more clearly by considering 
illustrations. 

As an illustration of case (al) above, we have the spark dis- 
charge which occurs in air between electrodes of sufficient po- 
tential difference. The explanation of the spark is as follows: 
When the potential is applied to the electrodes the free electrons 
which are in the gas move immediately to the anode, and similarly 
the positive ions move to the cathode. The current correspond- 
ing to this movement is very small and is merely the usual leak- 
age current of an otherwise efficient insulator. The greater 
the potential difference the greater the velocity with which this 
movement of carriers takes place. If it is great enough, some 
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of the moving ions may collide sufficiently hard with the moler 
cules of the gas, particularly the layer adjacent to the cathode, 
to produce ibnization. Of the electrons so formed many travel 
over the entire distance between electrodes and by impact with 
the intervening molecules, produce further ionization. In its 
initial stages, then, the discharge takes place as a spark through 
the ionized medium. If the potential difference is maintained, 
the spark is quickly followed by a sustained arc. Both the 
initial spark and the subsequent arc assist the continued ioniza* 
tion of the medium by the heat they generate. 

As an illustration of case (a2), where mechanical means of 
starting are employed, we have the famiUar case of striking an 

arc between two carbons by momenta- 
rily allowing them to touch and then 
slowly withdrawing them. In this case 
the intense heat Uberated at the point of. 
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^ ^ contact is sufficient to start ionization. 

||||||| Ionization, once having started, is main- 

^ ,^ ^ , , tained largely by the ionizing effect of the 

Fia. 19. — Two-electrode o ^ */ o 

vacuum tube. impact of the positive ions upon the sur- 

face of the hot cathode. 
In case (6) where the ionizing agent is already active, conduc- 
tion starts as soon as the potential is applied to the electrodes, 
and the passage of electricity is controlled largely by the efficiency 
of the ionizing agent and by the electrostatic field maintained 
between the electrodes. As illustrations of this type may 
be mentioned conduction through flames or through gases arising 
from flames, conduction through gases exposed to radioactive 
substances and also conduction in gaseous ampUfiers of the 
Von Lieben type. In this last case the cathode is formed by an 
incandescent filament and is a constantly available source of 
electrons. These electrons serve both as carriers of the current 
between the electrodes and as ionizing agents acting upon the 
gas in the tube to produce other carriers. 
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The DeForest audion^ and more especially the Western Electric 
Company's vacuum tube diflfer from this latter type in that the 
residual gas in the tube is so small in amount. that the ionizing 
effect of the electrons emitted by the incandescent electrode is 
essentially negligible* In a device of this type the operation 
within the normal workmg Umits is essentially that of con- 
duction through vacua, since it takes place entirely through the 
passage of electrons Uberated at the cathode. 

Having outlined the modem theory for the conduction of 
electricity through aeriform bodies and vacua we will now discuss 
the characteristics of the three-element vacuum tube. . 

The Vacutim Tube. — Consider an evacuated vessel containing 
a filament F, which may be heated by current from a battery A 
as in Fig. 19. Let P be a plate which, by an external source B 
of e.m.f . of Eb volts, may be maintained at a potential different 
from that of F. Let an anuneter h indicate the current Ib 
flowing in the circuit from P to F inside the tube, and through 
B and h outside the tube. An ammeter, a, in the filament circuit 
indicates the current heating the filament. Now for a fixed 
value of the current I a let a series of readings be made of Ib 
for various values oi Eb^ If these are plotted as in Fig. 20, 
the points will lie on a curve of the form odf given by the full 
line. 

The current flows as a result of the attraction of the plate P 
for the electrons' (emitted by the heated filament) and of the 
repulsion exerted by the filament F upon the electrons, that is, 
the electrons move from F to P as the result of an electrostatic 
field maintained between F and P by the e.m.f., Eb* I'his 
field is conveniently measured in terms of the voltage Ebj and 
when the resistance of the ammeter 6 and the battery B is small, 
it may be taken equal to j^b. As long as Eb does not exceed 
the value oc shown in Fig. 20, the number of electrons drawn ^ 
from F to P per second, that is, conventionally the current from 

icf. DeForest, Trans. A. I. E. E. vol. 25, pp. 735-763, 1906, also 
DeForest, Proc. I. R. E. vol. 2, pp. 15-29, 1914. 
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P to F, is found by analysis of the curve od to be roughly pro- 
portional to the square of the field intensity. This is a con- 
venient approximation of which much use will be made later. 

For the moment, however, consider the effect when Eb is 
increased beyond oc. Remembering that current is the number 
of electrons transferred per second through a cross-section of 
the conducting path, it appears that if the field oc due to Eb 
is sufficient to transfer all the electrons emitted by the filament, a 
further increase in Eb cannot increase the current. 

Such an increase in current can come only by increasing the 
number of electrons emitted by the filament, and hence available 

for. producing a ciurent between F and 
P, or an increase in available carriers 
may arise from ionization of any resid- 
ual gas in the tube if Eb is, sufficiently 
increased. In a pure vacuum device 
the number of available electrons may 
be increased by increasing the heating 
of the filament. If the filament tem- 
perature is raised by increasing Ia to 
some new fixed value, it is found that 
for further increases of Eb the ciurent 
is given by the dotted portion, deg, of 
Fig. 20. If then it is desired to utilize fields up to a strength 
represented by some definite value of Eb and to have the current 
i[ollow the approximate square law mentioned above it becomes 
necessary to heat the filament by some definite value of 7^. 

To find the required value of I a, let Eb be given some definite 
value, and let a plot be made as in Fig. 21 of h for various values 
of 7a. The relation will then be found to be that of the curve 
ohj of this figure. After Ia has reached a value of on, there is 
no increase in the current 7^ for further increases in the tem- 
perature of the filament. 

To understand the phenomenon involved, consider the simple 
case of a metallic conductor mn and an electrostatic field repre- 




Fio. 20. — Eb —Ib charac- 
teristic. 
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sented in direction by the arrows of Fig. 22. When the con- 
ductor m is placed in the field, its electrons are urged from n 
toward m, and some of them do move in that direction. In 
other words, a momentary charging current flows in the con- 
ductor. This transfer of electrons continues until there is a 
sufficient number accmnulated at m so that their repulsion upon 
any other electron, as one at s, is just equal to the force exerted 
on it by the original field. This then is a stable condition, in 
which the field due to the charges induced in conductor mn just 
equals at every point in this conductor the impressed field. 
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Fio. 2\.~Ib-Ia 
characteristic. 



Fio. 22. — To explain charging of a con- 
ductor in a field. 



If the external field is increased then equiUbrium is destroyed 
and more electrons will be transferred until a new balance exists 
between the externally impressed field and the field due to the 
accumulated charges. Suppose, however, that the supply of 
electrons was limited; then there would be brought about a con- 
dition where the field at b, due to the accumulated electrons, did 
not balance the impressed field, and an increase in the impressed 
field could cause no charging current, because there would be no 
available carriers. If, under these conditions, an increase is 
made in the supply, as for example by some ionizing means, then 
a new charging current would flow imtil a new condition of sta- 
biUty were attained. 

Now this hypothetical condition for a metallic conductor is 
essentially the condition within the vacuum tube, except for the 
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fact that an external conducting path is offered, so that electrons 
may travel from m to n. The electrons available in the space 
between filament and plate are supplied by a source of limited 
abiUty (in this case the filament). The abiUty of the source may 
be increased by increasing its temperature. For a definite value 
of the field Eb the number of available electrons increases with the 
filament temperature, as shown by the part oh of the curve of 
Fig. 21. When the temperature corresponding to Ia = on is 
reached, the accumulation of electrons in the space between F 
and P is sufficient to neutralize the impressed field at F and to 
prevent a further increase in the number of electrons in the 
tube. Another condition of stabiUty is therefore attained, 
under which no increase in current is to be obtained, even though 
the source of electrons is capable of supplying a larger number. 
Although there is no increase in the number of electrons and hence 
in the current, there is a constant current flow through the tube 
and the external conducting path. As fast as electrons are sub- 
tracted from the plate they are returned by the battery B to the 
filament and there emitted so as to maintain the condition of 
equiUbrium. 

When the source of electrons is capable of supplying a larger 
number of electrons, as for example when Ia in Fig. 21 is greater 
than orif then a greater current may be obtained by increasing 
the field. The partially dptted curve ohkm of the figure shows the 
^jNlJfations between Ib and Ia when the voltage Eb has been 
increased. If the filament is heated by a current less than on, 
it is evident that the plate-circuit current Ib does not increase 
with increased Eb. In order then that the vacuum-tube system 
shown in Fig. 19 should obey the square law, namely, Ib propor- 
tional to the square of the field intensity, it is necessary that the 
current I a should be made as large as op, where the curve ohkm 
is taken for the maximum value of Eb which it is expected to use 
with the tube. 

Three-element Tube. — From the previous description of a 
simple vacuum-tttbe system involving two electrodes or elements, 
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namely, a filament source of electrons and a plate, it appears that 
Ib is proportional to the square of the field between the two 
electrodes. For the case just considered the field is entirely due 
to the battery B, and Ib = HEbY, where fc is a constants The 
field may, however, receive contributions from another source of 
e.m.f. if a third electrode is inserted as shown at G of Kg. 23. 
The relation between Ib and the field then becomes 

Ib =k {Eb + kivi)\ (33) 

where kiVi represents the contribution to the field of the third 
electrode, G. This grid is maintained at a potential different from 
that of F by a third source of e.m.f., namely, vi. 
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Fig. 23. — Three-element vacuum 
tube. 



Fig. 24.—Ib-Ec 
characteristic. 



The equation^ just written should be compared with that found 
in Chapter II for the telephone receiver, remembering, of course, 
that k and ki are merely general symbols for constants depending 
upon the design, thus: 

pull = k{B + kiiy 
Ib = k(EB + kiViy. 

The value of ki in the vacuum-tube equation is determined by 
the design of the tube. 

Consider first the case when Vi is due to a battery of Ec volts.. 
The relation is then Ib = k{EB + k\EcY, which is a curve of the 
same form as Fig. 20. It is usually more convenient, however, 

^ This equation is obtained from some as yet unpublished researches of 
Db. H. J. Van deb Bijl of the Western Electric Company. 
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te draw the curve showing the relation of Ib and Ec as shown in 
Fig, 24. This relation may be expressed as J« = aigEa + v^y 
or a{gEB + EcY when Vx is E^ The constants a and g are now 
used and obviously g = 1/ki and a = ki^k. When Ec is zero, 
then Ib is oq^Eb^. Also when ^c is —qEb^ then /« is zero. 
The constant g then represents the fraction of the voltage Eb 
which must be appUed to the grid, making it negative with 
reference to the filament, in order that the current in the plate 
circuit shall be reduced to zero. The reciprocal of g, that is, A?i, 
apparently represents the relative importance, in producing an 
eflfect upon the current /u, of a voltage appKed at G and one 
appUed at P. In some conimercial forms of the three-element 
tube fci will be foimd to have values lying between 5 and 40. 

It is evident then that a small voltage at G is equivalent to a 
larger voltage at P. Hence this tube system may be used aB an 
amplifier or means whereby a small cause may produce a large 
effect. The energy required is, of course, supplied by the A 
and B batteries, and there is no violation of the principle of the 
conservation of energy. 

In general the voltage V\ impressed on the input terminals of 
the tube, that is, on F and Cr, is made up of a constant voltage 
Ec and a variable voltage, say v. The current in the output 
circuit, that is, from F toP, is then expressible as 

Ib = a{E^ + vY (34) 

where 

Eo = gEB +Ec. (35) 

li V = E sia w<, then just as for the telephone receiver the 
output (in this case Ib) will consist of four terms: thus 

Ib = aEo^ + aE^/2 + 2aEoE sin co< + E^ (cos 2 (at)/2, 

» 

of which one represents an amplified repetition of the input 
and another is a double-frequency term. The vacuum tube 
riiay therefore be used to indicate, by a change in the value of 
the direct current flowing in the plate circuit, the fact jbhat 4: 
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sinusoidal voltage is impressed on the grid, or to give a repetition 
of the input, or to produce a change in frequency*. 

Before considering further the above equation, we shall show 
qualitatively by reference to Fig. 26 the effect, for a definite 
sinusoidal input, of various values of Ecy upon the output. Thus 
if Ec is of value Oa, it is evident that when v is zero the current 




FiQ. 25. — Dependence of output on Ec. 

Ib is of value aa\ When v becomes E sin 90"^ = E then Zb has 
increased to aid. When v becomes E sin 270® = — E, then Ib 
becomes zero. From the figure it appears that de is greater than 
eai, hence the output current is increased by the impressed sine 
wave of voltage more than it is decreased. The output is evi-^ 
dently a distorted sinusoidal current and its average value is 
greater than eai, which is the "W^e of Ib before the voltage v is 
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impressed. Conyereely if J^c is equal to Oc, the positive half 
of the input Wave produces a change in current of rq which is 
smaller than the change rs produced by the n^ative half wave of 
V, The average current in the plate circuit is then less than cc'. 
Some value of Ec as Ob may, however, be foimd such that if E 
is not too large, the two half waves of alternating current will 
be symmetrical. For this condition there would be in the output 
circuit a repetition^ free from distortion, of the impressed wave 
form. The average value of the current Is would be 66', that is, 
the same as if v were not impressed. 

Vacuum-tube Amplifier. — ^From the foregoing study of Fig. 
25 it appears that the three-element vacuum tube may be used as 
a distortionless repeater, provided J?<7 is properly chosen. A 
criterion and test is the constancy of the direct current through 
the plate or output circuit, independent of the alternating 
voltage input. 

The characteristics plotted in Figs. 20, 21, 24 and 25 are all 
upon the assumption that the external plate circuit is of negUgible 
resistance, and hence that the field between P and F is independent 
of the plate current Ib* If, however, there is in the plate circuit 
a resistance R, the field is not proportional to Eb but instead 
to Eb — IbR* If Eb is kept constant the equation for Ib 
becomes 

Ib = a\g{EB - hR) + Ec + vY 
or 

Ib = a{Eo - qIbR + vy. (36) 

Qualitatively it therefore appears that the curve of current given 
in Fig. 24 and reproduced in the full line of Fig. 26 would be more 
like the dotted curve if the resistance were made large. One 
method of reducing the effect of the double-frequency term, that 
is, one method of obtaining a linear relation or direct proportion- 
ality between the output and the input is then to insert a high 
resistance in the plate circuit. 

For greatest output this resistance should be made equal to 
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the average internal resistance of the tube, just as in the case of 
a direct-current generator the greatest power output occurs when 
the external and armature -resistances are equal. 

The internal impedance of the tube between the output termi- 
nals P and F is essentially a pure or ohmic resistance. This 




FiQ. 26. — Ib —Ec characteristic with resistance in the plate circuit. 

resistance, however, as is evident from Figs. 20, 24 and 26, de- 
pends upon the field between P and F. In fact, it may be 
said that it is by virtue of this dependence of resistance upon the 
field that the device has the characteristics shown in the figures. 
The direct-current resistance of this output circuit is found by 
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Fig. 27. — Typical vacuum-tube circuit. 

dividing Eb by /b. The internal impedance of the output 
circuit of the tube is to be found by taking the slope of the 
Eb—Ib characteristic. This, of course, varies from point to 
point. 

4 
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The input impedance, that is, the impedance between G and 
F, is infinite as long as (? is negative with respect to F. This is 
evident when it is remembered that electrons can be drawn to 
G from F only in case G is positive with respect to F. When, 
however, G is made positive, then a current can flow. As long 
as ^(7 + V is negative, however, the input circuit has an infinite 
resistance and absorbs no energy from the source of e.m.f. v. 

While many different circuit arrangements al-e possible, it is 
necessary merely to understand one circuit in order to devise 
others. Thus Fig. 27 shows a possible scheme of connections 
for a vacuum tube. Whether this tube is operating as a detector 
or as an ampUfier obviously depends upon the adjustments as 
described above. Transformers are shown for connecting the 
tube to the source from which v is to be derived, and to the 
apparatus where the amplified (or detected) current is to be 
utilized. 



CHAPTER IV 

DETECTION OF HIGH-FREQUENCY CURRENTS 

Detection and Measurement of Current. — Consider an elec- 
trical circuit for which it is to be determined whether or not a 
current is flowing through it. To detect the existence of a 
current means to niake it produce some effect on the senses of 
the observer. Thus the existence of a current is detected if the 
current is caused to produce an audible sound, a visible motion, 
a burning, pricking or tingUng sensation, if it produces a sen- 
sation of taste, or if it affects the senses of smell. In the detection 
of currents the senses usually employed are of coiu^ those of 
sight and hearing. 

To measure the current means of course to compare il with 
some standard current or unit and to express it as a certain 
number of times the unit. For purposes of measurement only 
the senses of sight and of hearing are sufficiently accurate to 
admit of the necessary comparisons between the unknown and 
a known current. 

Using the sense of hearing, the method of measurement is 
practically limited to alternating currents the frequencies of 
which are well within the audible limits, say between 200 and 
3000 cycles per second for the ordinary observer. Within such 
limits, however, the human ear is remarkably sensitive and very 
accurate comparisons may be made between two similar sounds 
to determine which of the two is the louder. It is thus possible 
to determine when two similar sounds are equal by listening to 
them alternately for a few moments, but the ear does not admit 
of a direct measurement in the sense of determining without inter- 
mediate apparatus how much greater one sound and hence one^ 
current is than another. 
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To measure an alternating current by the ear requires, then, 
that another alternating current of the same frequency and 
of known or assumed amount is available and also that means be 
provided for reducing one or the other of these currents by a 
determinable amount. Thus let it be desired to find the relative 
efficiency of two wireless detectors represented by A and B 
of Fig. 28. Arrange resistances in the outputs so that a part may 
be used as a shunt to the receiver. Arrange the circuit with two 
double-pole double-throw switches as shown. Listen first on 
one circuit and then on the other, adjusting the variable resist- 
ance until equal volmnes of sound occur. The currents through 
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Fio. 28. — Comparison of detectors A and B. 



the receiver are then the safne and hence a ratio for the currents 
through R and JB" may be obtained by calculation. If R and R" 
are much greq,ter than R' and R"' respectively and if the impe- 
dance of the receiver is large as compared to either R' or JB'" 
the ratio of the current output of A to that of B is inversely as 
B' is to JB'". Of course in any test of this sort the total resistance 
for each circuit should be that external resistance into which the 
circuit works most efficiently. 

Visual indications of a current flow are not restricted when 
use is made of them for measm-ements as are audible indica- 
tions. Different devices are required, however, depending upon 
the character, i.e., wave form of the current and upon the sen- 
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sitiveness required. Current-measuring instruments with which 
the reader should be familiar from earlier readii^ are the moving- 
coil galvanometer, which in its commercial form is illustrated 
by the direct-current instruments of the Weston Company, the 
dynanometer whicl^ is illustrated in a commercial form by alter- 
nating-current instruments having one fixed and one movable 
coil, the plunger-type ammeter for alternating-current and the 
hot-wire ammeter. 

Consider for the moment the moving-coil galvanometer. 
It consists of a Coil or loop of wire of one or more turns placed 
in a permanent magnetic field. Its rotation, due to the 
reaction with this field of the ciurent flowing in it, is pro- 
portional to the current. The rotation is manifested by the 
motion of a pointer attached to the coil, in an ammeter, or 
by the motion of a spot of Ught reflected from a mirror attached 
to the coil in the case of a galvanometer. In the latter case if 
the spot of light falls on a continuously moving photographic 
film it traces on a time axis the wave form of the ciurent. The 
ordinates of this trace are proportional to the current and the 
abscissae to the speed of the film. In this case the instrument 
is called an oscillograph and the photograph is an oscillogram. 

In all these cases the coil (when the current is appUed) turns 
from its zero position against a restoring force suppUed by an 
elastic support or spring. If the natural frequency of the 
mechanical vibrating system thus formed is high and the damping 
large the coil motion will follow exactly the changes of a lower 
frequency current through the coil. If, on the other hand,. the 
natural frequency is low, that is, if the time required for one 
full swing of the coil system is large it can not in its motion 
follow a rapidly alternating current. No sooner does it start 
to rotate in one direction than an alternation in the current 
imparts a tendency in the opposite direction. If a sine wave of 
current is impressed upon such an instrument the latter in- 
dicates zero current, that is, the average value of the sinusoidal 
current. If, however, a pulsating current is passed through the 
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instrument it wiU indicate the average value of the current, 
that is, the value of the direct-current component of the pulsat- 
ing current. A current-measuring mstYument of the moving- 
coil galvanometer type, therefore, indicates average values of the 
current in it except in those cases where its moving part has a 
high natural frequency and thus follows more or less directly 
the variations of the current, as in the case of the oscillograph. 

The hot-wire instrument, on the other hand, consists merely 
of a length of conductor through which the current flows. This 
length alters due to the changes in temperature occasioned by 
the heating effect of the current. The changes 'of length are 
indicated by a pointer attached to the conductor through a 
lever system. The heating effect is proportional to the square 
of the current, and hence this type of instrument indicates the 
average value of the square of the current. If the positions of 
the pointer as assumed for various values of a steady direct 
current are marked, that is, if the instrument is caUbrated by 
direct current it may then be used to indicate root-mean-square 
or effective values of an alternating ciurent. 

The thermocouple is a hot-wire instrument where, instead 
of indicating the heating effect as above, the heat Uberated by 
the conductor carrying the current is allowed to act upon a 
thermo-electromotive element, that is, a junction point formed 
by two dissimilar conductors. The electromotive force thus 
produced may be used to cause a motion of a moving-coil in- 
strument. In the so-called thermo-galvanometer the moving 
coil of the galvanometer contains a thermocouple and is sus- 
pended immediately above the heating coil. 

Of the two -devices so far considered, one averages the current 
and the other averages the square of the current. The former 
is not adaptable to the detection and measurement of alter- 
nating currents, while the latter is so adaptable. 

Methods and Means of Detection. — We are now ready to 
consider in general terms the possible methods of detecting 
alternating currents and the means employed. These will be 
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classified first as to the sense affected; thus: (1) methods ap- 
plicable to visual indications; (2) methods applicable to audible 
indications. In both cases the current must produce a motion 
of some part of a mechanical system. In the first case this 
motion must be slow enough to be visible, and in the second 
case it must be periodic and fast enough to be audible, but 
not so fast as to be beyond the audible limits. Of course, a 
motion which would be slow enough in its alternations to be 
visible,v as for example that of a telegraph sounder, may also be 
used to give discrete audible sounds and is generally so employed. 
A sensitive ammeter in series with the ordinary telegraph sounder 
wiU give perfectly good visual indications, but the sounder is 
preferred as it leaves the eyes of the observer free for use in 
recording the received signals. The classification made above 
may be made more clear cut by grouping the motions as periodic 
and audible (2) or as aperiodic and either visible or audible (1).. 
Under method (1) we place then those methods in which the 
alternating current is caused to produce a unidirectional me- 
chanical force and under (2) those methods in which the current 
is caused to produce an alternating mechanical force of an 
audible frequency. 

1. The imidirectional force may be produced: (a) directly, 
as in a hot-wire galvanometer; ib) by converting the ciurent into 
a unidirectional current and allowing it to act on an ordinary 
direct-current instrument, as in the case of the complete rectifi- 
cation accompanying a synchronous commutation of the current 
by mechanical switching; (c) by causing the current tc produce a 
unidirectional e.m.f. in an auxiliary circuit, as in the thermo- 
.couple; or (d) by causing the current to produce a change in the 
conductivity of an auxiliary circuit containing a steady unidi- 
rectional e.m.f ., as in the case of coherers or of barretters. 

2. The , alternating mechanical force may be produced: (a) 
directly by the current, if of the proper frequency; or (6) a 
pulsating force may be produced, and hence an alternating 
motion of a receiver diaphragm may be obtained of any desired 
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frequency, if periodic interruptions are made by a switch in the 
alternating-current circuit and if this interrupted alternating- 
current is detected by any of the methods (16), (Ic) or (Id) above; 
or (c) the desired audible frequency may be obtained by produc- 
ing so-called "beats" of the impressed alternating current with 
an auxiliary current, as will be described later. 

It will be noticed in connection with the method (26) that 
it is immaterial whether the interruptions in the alternating- 
current are occasioned at the source of the alternating-current 
(as for example, at the transmitting station in the case of a 
spark or quenched gap transmitting system) or are introduced 
at the detecting circuit (as for example, in the case of the use 
of a rotating switch or "tikker'' in receiving continuous waves). 
No attempt will be made to describe all the means by which 

these methods are appUed, but illustra- 
tions will be given. 

(la) Electrodynamometers, plunger- 
type galvanometers and hot-wire gal- 
vanometers all give indications propor- 
tional to the square of the input current. 
Thus if the current is / sin co^ the efifect 
is K sin^ wt or K/2 - K (cos 2a>0/2. 
There is then a steady or average efifect 
of K/2 which may be observed while the 
double-frequency efifect is zero on the average. 

(16) The production of a undirectional current from an alter- 
nating current by mechanical commutation or switching is not 
practicable at very high frequencies. Such a system would give, 
of course, a complete rectification of the impressed current wave. 
A somewhat similar effect may, however, be produced by making 
use of a conductor which will transmit current in one direction 
only and thus transmits only alternate half waves of the current. 
As an illustration may be mentioned the Fleming valve which is 
the two-element vacuum tube of Fig. 19 with the battery Eb re- 
placed by the source of the e.m.f . to be detected and by a gal- 
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FiQ. 29. — Fleming valve as 
a detector. 
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vanometer, A , in series as in Fig. 29. If the input to the tube con- 
sists of an interrupted alternating current, then a receiver may 
be substituted for a galvanometer. 

An incomplete suppression of the alternate half waves may 
be obtained by using a crystal detector as in Fig. 30 or Fig. 81. 
The detector D is formed by two dissimilar conductors in contact 
at some point. Thus steel and carborundum, steel and silicon 
contacts are used as detectors. - MetaUic contacts with pyrite or 
with galena are used as well as many other combinations such as 
zincite and chalcopyrite, some of which are known by trade 
names. All these combinations are found to have resistanc)es 




Fio. 30.— Circuit for a 
crystal detector. 




Fio. 31. — Crystal detector and super- 
imposed direct current. 



across the contact which depend for their values upon the e.m.f. 
applied to the contact. In general the resistance will be so much 
higher for an e.m.f. in one direction across the contact than for 
the same value of e.m.f. in the reversed direction that they are 
practically unilateral in conductivity. Thus Fig. 32 shows a 
typical current-voltage curve. It is evident, then, that if such 
a detector were connected as in Fig. 30 small e.m.f .'s impressed 
across it would meet practically infinite resistance. If, however, 
the detector is connected as in Fig. 31 and a voltage of oa (see 
Fig. 32) is appUed to it, then it will be sensitive to smaller inputs 
and will transmit one half wave more efficiently than the other. 
In this form it operates much like a vacuum tube as shown in 
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Fig. 25 when Ee is Oa. It is, however, much less sensitive and is 
incapable of producing an amplification. 

The condenser C is inserted in shimt with the receiver T, in 
Figs. 30 and 31, so as to offer a path of low impedance to the high- 
frequency current which is to be detected. 

(Ic) Thermocouples and magnetic detectors which form this 
class are of more interest historically then practically today. 

(Id) The same is true of coherers and electrdytic detectors. 

(2a) The production of an audible note by a telephone receiver 
when an alternating e.m.f . of audible frequency is impressed on 
the winding has been discussed in Chapter II. 
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Fig. 32. — E.in.f . current characteristic of 
crystal detector. 



Fio. 33. — Tikker circuit. 



{2b) Figs. 30 and 31 illustrate this method. For the circuits 
shown the interruptions are produced at the sending station. If 
they were not so produced it wguld of coiu^e be necessary to in- 
sert an interrupter in the detector circuit. 

Alternating currents 'may, however, be detected by the 
use of an interrupter without using any of the detectors classiQed 
in (16) to (Id) above. An arrangement for doii^ so is shown in 
Fig. 33. In this figure *W is a rotating switch or contact-nu^er 
called a "tikker" when used in this way. It alternately connects 
and disconnects Ci in parallel with C. When Ci is connected it 
receives a charge from the coil S or, more exactly, from C. Whep 
Ci is disconnected it is allowed to discharge through the telephone 
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receiver. Each time W disconnects Ci from C there is a click 
in the receiver, if there is an alternating current in S. These 
clicks are controlled in frequency of occurrence by the speed of 
rotation of the switch and may thus be caused to produce an^ 
audible note in the receiver. 

In the case just considered the tikker makes its contact for a 
length of time large as compared to the period of the alternating- 
ciurent to be detected. In the case of the so-called " tone wheel " 
the speed of the rotating switch is very high and the frequency of 
its interruptions of the circuit may be made that of the alter- 
nating current. In this case the circuit is that of Kg. 33 except 
that the condenser Ci is omitted. Suppose the wheel runs at 
the same frequency as the alternating current; then it will allow 
the same portion of the alternating-cmrent wave to be im- 
pressed on the receiver each time it makes contact. There will 
then be no sound in the receiver since the alternating current is 
well above audible frequency limits. If, however, the wheel runs 
a Uttle faster (or a Uttle slower) then it will impress on the receiver 
a sUghtly dififerent part of the wave form each time it makes the 
contact until it ha^ impressed all the different parts of the wave 
and is ready to impress again the same part as it did at the 
moment when its action was first considered. This cycle will 
occur fw—f times a second if /» and / are the frequencies of the 
wheel and the alternating current respectively. There will then 
be produced cyclic variations in the e.m.f . impressed on the re- 
ceiver at a frequency, /«,—/, which may be controlled and made 
audible by regulating the speed of the wheel. 
. (2c) To study the method of detecting an alternating current 
by audible beats it is best first to consider the effect of combining 
two currents of different frequencies. Thus let the two currents 
be of maximum ampUtude C and B, respectively, and of fre- 

quencies /o = o^ and /o + /i = /o + s^. 

Then assume the currents to be C^"^ and B€''("*+"»)'. The 
sum i of these currents is 
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= ilc>««« where A = C + JBc^'"*' 

This current is evidently a sinusoidal current of frequency /o, 
the amplitude A of which varies with a frequency of /i. The 
maximum value of A is C+ JB and the minimum is C — By 
corresponding to wit = 0,2t, etc., and wit = ir, 3ir, etc., respec- 
tively. In Fig. 34 are illustrated typical relations for two 
different value of t. 

Now it is evident that if these two currents pass through 
the same telephone receiver they will give rise to an alternat- 



Fia. 34. — Combination of two e.m.fs, of different frequencies. 

ing motion of the diaphragm at a frequency of /o. The maximum 
amount of this alternating motion will, however, vary from time 
to time, being also periodic with a frequency of /i. If /o is 
an audible frequency then the listener will hear the note cor- 
responding to /o wax and wane /i times per second. 

If, however, /o is above audibility the note can not be heard, 
and hence, of course, the variations in its intensity can not be 
observed no matter what their frequency may be. That is, 
it is not possible by the combination of two sinusoidal currents 
which are above audible frequency to produce an audible frequen- 
cy in a translating device (e.ff., a telephone receiver) which repeats 
without distortion. 
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Suppose, however, that the distortion in the receiver is made 
•appreciable, as for example by removing the permanent magnet 
so that the pull becomes kkiV. 
For this case we must write the conjugate vectors, thus: 

{ = C^iwit «|_ (7c-y«o< _^ jBgy(«o+«i)« -|_ jBg-j(«o+«i)< 
Hence 

-- 2CB€'*^®'€ "•'(**• +"*^' + 2CB€ "'****'€ "'"^^"®"'""*^' + 2B^ 

p =- C^(^2uot _^ ^-;2«o<) -|_ jB2(g;2(«o+«i)« -|_ g-y2(«o+«ai)«) 
+ 2CB(€'(2«o+«i)« -|_ ^-i(2«o+«i)«) 

+ 2CB(c'«»' + €->«»0 + 2C2 + 2B2 (37) 

It will then be observed that there results a term of double the 
frequency /o, a term of double the frequency /o + /i, a term of 



or 




mill 




FiQ. 36. — Heterodyne receiving pystem. 

frequency the sum, namely 2/o + /i and one of frequency the 
difference, or /i. Of these terms only the last can cause an audible 
vibration of the receiver diaphragm. If /i, the difference between 
the two frequencies, is within the audible Umit then their com- 
bination in a device following the square law will result in an 
audible note. The terms 2C^ and 2B^ are of zero frequency. 

This method of producing an audible note from an inaudibly 
high frequency is known as the heterodyne method. Rg. 35 shows 
a circuit arrangement for applying this method, where G is an 
auxiliary generator of frequency higher or lower by /i than the 



N 
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frequency /o which is to be detected. Any device following the 
square law may be used to produce the desired audiorfrequency 
"beat note" from the two impressed e.m.f.'s. The sketch, 
however, shows a vacuum tube. 

To apply this heterodyne method and to obtain an audible 
note may be accomplished by devices other than those following 
the square law. Any detector may be used. Now in general 
terms any device for which the output is not directly proportional 
to the input may be used as a detector, that is, any device for 
which the relation between output and input is other than 
"linear." 

Vacuum-tube Detector. — ^The vacuiun tube has not been 
placed in the classification of detectors as made above. Its 
characteristics are such that it might be classified in any of sev- 
eral of the groups indicated. Thus it might be considered to 
act as in (lb) as a partial rectifier, as in (Ic) as causing a uni- 
directional e.m.f . in the output circuit, or as in (Id) as a device 
changing the resistance of a circuit, in this case its own output 
circuit. Since [it is capable of broader use than any of the 
other detectors it seems best to let it form a type by itself. 



CHAPTER V 

THE PRODUCTION OF DAMPED SINUSOroAL 

CURRENTS 

Damped Oscillations. — ^If a pendulum is started swinging and 
allowed to die down the curve showing its displacement at each 
instant of time wiU be of the form shown on the right-hand side 
of Fig. 36. Now it is obvious that this is the curve given by 
the vertical component of a rotating vector which is constantly 
shrinking in length as shown on the left-hand side of the figm*e. 
Suppose the rotating vector to be A' = Aoc'"*, then the con- 
stant shrinking can be indicated by multiplying A' bye""*. 
That iS;^the decreasing vector A, as given by 

A = Aoc"°V*"* = Ao€"^ (cos o)t + j sin (at) 

= Ao€~*' cos (at + jAoe"'^ sin (at 




Fio. 36. — Vector representation of a damped sinusoid. 

is the sum of two vectors, one along the axis of reals and the 
other along the axis of imaginaries. For the moment we shall 
consider only the vector j A oe""* sin cot whose variations are shown 
in the figure. 
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To see more clearly how this vector varies let us consider the 
maximum amplitudes Ai and A2 of any two successive swings 
in the same direction by giving cot the values below. 
If 

u)t = (ati then t = ti 
and 

If 

and 

hence 

Then 



Ai = ilo€""**€^*«'' 

r 

cot = cot2 = coti + 2ir then ^2 = ^1 + 27r/w 

/ 
A2 = ilo€~'*'V"'* = ^^-a«i-wo/«^«<i+y«r 

Ai ' 

The ratio A2/A1 is evidently independent of the time fi, hence 
this ratio also represents the ratio of any displacement to the 
displacement which preceded it by a cycle. The value of this 
ratio is called the damping. The logarithm ^ot the damping to 
the base 6 is defined as the logarithmic decrement.^ The logarith- 
mic decrement d is then 

d = log^,Mx = loge-/- = 2?? = 2^ = I (38) 

If the decrement d and the frequency / are known then the 
factor a is found as d/. 

The trace shown in Fig. 36 happens actually to be a copy of 
an oscillogram of a highly damped alternating current and not 
the motion of a pendulum. In the first chapter we were con- 
cerned only with steady or sustained alternating e.m.f.s and 

^ Damping and logarithmic decrement are sometimes given per half period, 
but standard practice is to define them in terms of a whole period. The 
damping per whole period is obviously the square of the damping per half 
period and the logarithmic decrement per whole period is twice that for the 
half period. 
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currents. In the light of the discussion just preceding we 
see then that we may express damped sinusoidal functions 
such as currents or e.m.f.s by means of rotating vectors and 
an exponential term representing the damping. The vector 
Aoe'^e'"' = i4o€^"'*"*"^"^' represents, however, as stated above 
the sum of two vectors, one along the axis of reals and the other 
along the axis of imaginaries. To represent a real damped 
sinusoidal current, as i, it is necessary then to write the sum of a 
pair of conjugate vectors. 




iKtt 



thus 



/ 



Fio. 37. — Co^jugate vectors representins damped sinusoid. 



i = /€(-«+;")< + Uir-a-ii.M (39) 



This is, a rigorous and general expression for an exponentially 
damped sinusoidal current just as equation (14) of page 16 

i = U<^i + /€->«« (140 

IS the expression for a sustained sinusoidal current of the same 
angular velocity w. In Fig. 37 are shown .two conjugate vectors, 
exponentially damped, and their sum, at one definite instant. 
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General Form for Representing a Current or £.m.f. — The 

expression of equation (39) above is a perfectly general expression 
for a current. Thus if a is zero the current i is a sustained 
sinusoid of frequency w/27r. If w is zero the current i does not al- 
ternate and hence is a direct current. If both a and w are zero 
the current i is a steady direct ciurent. If —a is positive the 
current is building up or increasing as time progresses. If 
—a is negative the current is decaying. 

If a current is composed of several component frequencies, 
that is, of several harmonics, each component may be represented 
as in equation (39) and the total current will be represented by 
the sum of these separate components. In this form it is very 
easy to obtain the rate of change of a current of a complicated 
wave form, since its rate of change will be the sum of the 
rates of change of its several components. 

Decaying Currents. — The current in a circuit damps down or 
dies out when the e.m.f. which established it is removed. If 
the circuit contains one or more storage reservoirs of energy 
this decay may be very gradual, a current being maintained 
until the energy of the reservoir has been dissipated in heat 
in the resistance of the circuit. 

Oscillating Circuit — If both types of storage reservoirs, that 
is, inductance and capacity, are contained in the circuit, then 
as one gives up energy the other will absorb it. Such a circuit 
is called oscillating for the reason that the ciurent surges back 
and forth as a result of storing the energy first in the condenser 
and then in the inductance. The current alternates in direction 
with a frequency determined, as will be shown, by the values of 
the inductance and the capacity (and to some extent by the re- 
sistance). 

Thus if a condenser which has been charged by a battery 
is connected to an inductance, the condenser starts to dis- 
charge through the conducting circuit offered to it by the 
inductance. The condenser sends a discharge current through 
the circuit, losing the energy of its electrical field, but storing 
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up energy in the magnetic field of the inductance. As soon, 
however, as the discharge current ceases to increase, the magnetic 
field of the inductance starts to collapse, and then the e.m.f. 
of self-induQtion maintains a decreasing current in the same 
direction. The current from the dischargmg condenser, while 
increasing, has reduced to zero the excess of electrons on the 
negative plate of the condenser, and a further current or stream 
of electrons in the same direction must result in this plate having 
a deficiency of electrons, that is, becoming charged positively or 
in the opposite direction. Thus the effect of the flow of current 
during the collapse of the magnetic field of the inductance is 
to charge the condenser again, but in the opposite direction. 
When the current due to the inductance has at last ceased, the 
condenser is ready again to discharge, but evidently in the 
opposite direction. This alternate charge and discharge of 
the condenser, first in one direction and then in the opposite 
direction, goes on indefinitely except in so far as energy is dissi- 
pated and taken out of the circuit in the form of heat. If the 
connecting wires were of zero resistance and, what is still more 
impossible, if the inductance coil had zero resistance, then the 
oscillations would, of course, continue indefinitely. But energy 
is dissipated all the time, for the current must flow through 
some resistance; hence, since the capacity remains the same, the 
potential to which the condenser is charged, and the resulting 
current, gradually decrease. The current is then said to be 
damped out by the resistance. 

Transient Currents. — ^If only one type of reservoir is contained 
in the circuit there are no alternations and the current gradually 
dies down to zero. Such a current is to be considered as a damped 
sinusoidal current of zero frequency. 

Similarly, as is well known, the current due to an e.m.f. im- 
pressed upon a circuit containing inductance builds up slowly to 
its full value, for energy must be stored in the inductance. Such 
a building-up current may for convenience be considered to be 
the sum of two currents, a steady current, Jo, which will ultimately 
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flow when conditions have become stable and a transient current, 
7€~*' called into play by the change in the impressed e.m.f . from 
zero (just before it is applied) to the actual value applied. 
The actual current which flows in the circuits starts from zero 
at the moment when the e.m.f. is applied. That is, when < = 0, 
i =?= Io+ le"''^ = 0, or since €~**® = 1 we have /o = — /. Hence 
the transient current is to be thought of as having, at ^ = 0, a 
value equal and opposite to the current Zo which the e.m.f. will 
ultimately establish. As t increases Ic"**' decreases and hence the 
sum Zo — Zoc""' approaches its steady state value of Zo. The 
steady current which will ultimately flow is called the "forced 
current." 

It is convenient in the case of decaying currents to consider 
that when the e.m.f. applied to a circuit is reduced to zero it 
is the result of impressing an e.m.f. equal and opposite to that 
already active. Thus imagine an inductive circuit in which a 
sustained e.m.f. E is acting and a sustained current of Zo is flow- 
ing. Let an e.m.f. of — ^ be impressed. The total e.m.f. acting 
on the circuit is now zero. The current which will ultimately 
flow is also zero. But there accompanies the impression of the 
e.m.f., —E,8l transient current Ze"^', such that the total current 
— i due to — ^ is — i = — Zo + Ze"*'. That is, the transient 
current starts with a value I = Zo. In other words, when the 
e.m.f. in the circuit is reduced to zero a decaying transient 
current is called into play and this current starts with a value 
equal to the current Zo which has been flowing in the circuit. . 

The conditions for the two cases are tabulated below: 



Initial ci^rent 



Forced current 



Transient 
current 



At t = 0; E applied 







-/o«- 



r-at 



E already active. 

—E applied 

Net sum 



/o 



/o 
/o 




/0€ 



.-a< 



In general then we shall represent the current flowing in a cir- 
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cuit as the sum of two currents, one the forced current which the 
e.m.f ., will ultimately cause to flow and the other a transient cur- 
rent or current natural to the circuit since its wave form will 
depend only upon the circuit. In the case just considered only 
one type of reservoir is in the circuit and the transient cur- 
rent does not alternate, that is, it is of zero frequency. If both 
types of reservoirs are present the transient will be a decaying 
sinusoid of the form /oc^"**"^^"^'. , Hence we shall speak of such 
transients as the natural (current) oscillations remembering that 
their frequencies may be zero. The transient current or natural 
oscillation current of a circuit is then a current which depends 
upon the circuit and accompanies any change in the impressed 
e.m.f ., as for example, a transient occurs when an e.m.f. is applied 
and also when it is removed. 

The transient current accompanying the application of an 
e.m.f. is perhaps a fictitious current, but it is of great convenience 
to consider the actual current a sum of two fictitious currents, one 
of which follows the variations in the driving e.m.f., and the 
other of which is a natural oscillation in the circuit. On the 
other hand, there is no mathematical fiction to the transient which 
accompanies the removal of an impressed e.m.f. Thus the 
curve of Fig. 36 was taken in the laboratory by an oscillograph, 
connected in a circuit containing an inductance with resistance 
and a capacity. The condenser was charged by a battery in series 
with the circuit. The battery was then disconnected and re- 
placed by a short circuit. Following the removal of the battery 
there was a current in the circuit, as shown by the oscillogram 
of which part is reproduced in the figure: 

Application of Transients to Wireless Operation. — It is these 
transient oscillations that are made use of in spark-gap transmit- 
ting systems for wireless. Thus consider Fig. 38 where is shown 
the system for transmitting wireless as used by Marconi in 1896. 
A battery B which is controlled by a key K is connected to the 
primary winding of an induction coil 7. This induction coil in- 
duces in its secondary winding an e.m.f. of much higher voltage 
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than the battery, due to the sudden opening of the primary cir- 
cuit by an interrupter S. Each time the interrupter acts a high 
voltage is impressed on a gap G formed by two metal spheres. 
This air gap is broken down when the voltage is high enough 




Fio. 38. — Marconi transmitter of 1896. 



and forms a conducting path after the manner described on pages ' 
39 and 40. Before the spark passes across G the voltage from 
the coil is charging up the condenser, formed by the aerial and 
the earth, which is indicated in Fig. 38 at C by dotted lines. 

When the gap discharges it offers a path of low re- 
sistance for the e.m.f. of the induction coil and 
also for the discharge of C. Now there is also 
: some inductance in the aerial circuit and this has 
been indicated by L in the figure. There results 
then every time the spark gap breaks down a state 
of affairs similar to that obtaining for the cwrve 
FiQ. 3 9.— of Fig. 36. It is desirable, therefore, to determine 
f I?w ^®S* ^o^" the damping and the frequency of the natural os- 

cuit for Fig. 38. r i. • -x 

cillation of such a cu*cmt. 
Frequency Constants of a Circuit of One Degree of Freedom. — 

The circuit used by Marconi consists of inductance, capacity, 
and resistance in series as shown in Fig. 39. Imagine an e.m.f. 
of V inserted in this circuit and that a current i flows as a result. 
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The impressed e.m.f. must equal the sum of the e.m.f.'s necessary 
to force this current through B, L and C, respectively, that is, 

v = fit + Lpi + p-i i/C (40) 

Since the transient current will be a damped sinusoid put 
i = Je'" where jx = - o+ ju. 
Then 

Thus if V is made zero, we have, since i is not zero, 

R+jxL+j^ = (41) 

or 

j*x*LC + jxRC + 1=0 

Solving this for jx we obtain 

. ^ - RC± Vr^C* - 4LC 
^ 2LC 



= - A + l_ fR^ _ 1 

2L-Vlc\Il 

2L * VLC\1 - 



(42) 



= — a ± j(a 

From this equation it is evident that in a circuit containing 
B, L and C the frequency of the natural oscillation depends only 
upon L and C, provided that 4L is large as compared to R^C. 
The damping constant is directly proportional to the resistance, 
and inversely proportional to the inductance. 

Special Property of the Operator "p." — ^Use has just been made 
in determining the e.m.f. across the inductance and the condenser 
of Fig. 39 of the fact that if i = /e'** then pi = jxl^"^. Suppose 
that for jx we write the letter p', then 

i = /eP'* and pi = p'U^^ = p'i 
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In Other words, if we let p' stand torjx, or in general for —a+jca, 
then we find that the rate of change of the current (symbolized 
as pi) is p'i where' p' is a complex nimiber. If then in equa- 
tion (40) namely 

v = Ri + Lpi + ^ (400 



we substitute 
we obtain 



i = /€^'' 



V = Ri + Lp'i + -^ (43) 

P Kj 



which we may solve algebraically for p' and thus obtain jx. But 
except for the primes in equation (43) the equations (40') and 
(43) are identical. We see then that if we write i = le***, we may 
treat the operator p of equations Uke (40) as an ordinary alge- 
braic quantity. 

Symbolic Impedance. — In equation (40) if the operator p. is 
treated in this way then the term i may be factored out, thus 

v = {R + Lp + p-yCji 
Hence 

Z=-^=/2+Lp + ^ (44) 

The right-hand side of equation (44) is a symboUc expression 
for the impedance of the series circuit of Fig. 39. To determine 
the natural frequency constants of the circuit we put the symbolic 
impedance equal to zero and solve for p, in which case we obtain 
p = a ± jw where a and w have the values previously found in 
equation (42). Similarly if the impedance to an impressed 
e.mi . of frequency constants, a + jw, is desired it may be foimd 
by substituting this value of p in the symbolic impedance. Thus 
if a sustained e.m.f. of frequency wi/2ir is impressed, that is if 

V = i?€^o+i"Ot ^ E^^xt^ ^tjg impedance is Z = B+ Li«i+ ^ 

which is the same value as will be found in Problem 4 of 
page 187. 
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Conjugate Frequency Constants. — In the preceding solutions 
for the frequency constants of the circuit of Fig. 39 a quadratic 
equation was solved giving two values, — a+ ju, and —a — j«, 
as in equation (42). The explanation of the occurrence of this 
pair of conjugates lies of course in the fact that the current 
which flows in the circuit is a real current and therefore is not 
to be represented as t = I^^- but as i = I^'^ + U"^^ or as 
i = /€^'+ j€^' where pi and p^ are conjugates. Considering 
the last form of expression for the current we have 

C piC "^ P2C 

Ri = fl/€P»' + Rle^ 
Hence 

V ^ Rt + Lpi + ^-jr 

If t; is zero then since i is not zero we have 

ie + Lpi + -^ = . (45) 

piL 

and 

fl + LP2 + ^ = (46) 

These two equations are obviously satisfied by substi tuting for 

either pi (or P2) the value — — + .-— ^/l — — — and then 

for Pi (or pi) the conjugate. 

In problems of the type under consideration it is, therefore, 
convenient to follow the method of page 22 and to write but 
one conjugate vector of the pair. In that case it is usual to deal 
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with the counter-clockwise rotation by using the solution in- 
volving the positive value oij, thus — a+ jcj. 

Circuits of More than One Degree of Freedom. — If two 
pendula are isolated and are set swinging, each swings with its 
own natural frequency. If, however, they are coupled together, 
as by being hung from a common elastic support as in Fig. 40, 
then they react upon each other and the motion of neither 
pendulum is what it would be if alone. If the trace is made 
of the motion of one of the pendula it will be found to be the 
resultant of two sinusoidal motions of different frequencies. * If 
the motion of the other pendulum is analyzed it also will be 
f oimd to be the resultant of two sinusoids of the same frequencies 
as in the case of the first pendulum. That is, the displacement 




w 
Fio. 40. — Mechanical system of two degrees of freedom. 

of one of the pendulum bobs from its position of rest is no longer 
a simple sinusoidal function of the time but is the sum of two 
such sinusoids. In general terms^ then its motion may be 
represented by A€^'^^+ JBc^*^. The mechanical system com- 
posed of the two coupled pendula is then said to have two 
"degrees of freedom." In other words, it oscillates with two 
natural frequencies simultaneously. The single pendulum has 
but one degree of freedom and can have natural oscillations of 
only one period. 

In the case of a piano or violin string the reader will remember 

^ The conjugates 3c "'•'"*' and 5c "-'**** are omitted for convenience and any 
phase difference is cared for by the vectors A and B after the manner of 
equations 21 and 22. 
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that the fundamental note may be produced and at the same 
time one or jnore overtones. Such a string consists in effect 
of an infinite number of small particles elastically connected 
and hence has an infinite number of degrees of freedom. In 
the case of the violin string the various possible frequencies of 
vibration are simply related, all being multiples of the lowest 
frequency. In the case of the pendula and of the electrical cir- 
cuits which will now be examined no such simple relation as 
fundamental and harmonics exists. 

Consider for example the circuit of Fig. 41. Let an e.m.f. 
V be active in one branch as shown. Let the unknown currents 
in the two branches be represented by ii and ii in the directions 
assumed. The values of the inductance and capacity are as 

f/-fC)L (f'K)L 

rmv — T — 'Tnnnp — : 

KL 




1 



Fig. 41. — Electrical system of two degrees of freedom. 

indicated, the inductance KL being common to the two branches. 
For simplicity the resistance is assumed to be negligible. Now 
the voltage v impressed in branch 1 must be equal to the 
e.m.f .'s across the inductance (1 — K)L, that is (1 — K)Lpiu 
plus that across KL and C. The current through KL is ii — 12, 
hence this e.m.f. is KLp{ii — 1*2), that is KLpii — KLjn^. The 
e.m.f. across the condenser is (p"H'i)/C Then the value of v is 



v-U. 



» = (1 - K)Ljrix + KLp{u - it) + ^ 
= Lpt'i + 2^ - KL'pit 

= [Lp + ^) h - iKLp)H (47) 

which is in the form v = aii — hit where a and 6 are symbolic 
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impedances of the values shown in the equation. In the second 
branch there is no impressed e.m.f., hence for that branch we 
have 

= (1 - K)Lpi2 + ^ + KLp(i2 - h) 

= - {KLv)h + {Lv + ^) 22 (48) 

which is in the form = — 6ti + ai^ where a and h are as above. 
Solving simultaneously the two equations to determine ii 
gives _ 

a 
Hence upon substituting for a and h we have 

where Z is in symboUc form the impedance which the network 
of Fig. 41 offers to an e.m.f. of v impressed in branch 1 as shown. 
If this impedance is put equal to zero we find by solving for 
p the frequency constants of the natural oscillations of the 
branched circuit. Multiplying both sides of equation (49) by 

\Lp-\- yt) and placing Z = gives 

97". -n-S 

(1 - K^)Up^ + ^ + ^ = 

or 

(1 - K^)L^C^v* + 2LCp2 + 1=0 
hence 



and 



p = ± .-_ ■' , =z (50) 

y/LC Vl-K 



^ = ± VlcVi + K ^^^^ 
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There are thus found two pairs of conjugate frequency constants. 
The damping factors are zero for both natural oscillations in 
this impractical case where the resistance is assumed zero. 

Coupling. — The factor K is the coupUng between the two 
branches of the circuit. In this case there is a conductive 
coupling. Where the branches are alike, K is the ratio of the 
inductance common to the two branches to the total inductance 
of either branch. In case the total inductance of one branch, 
say Li, is not equal to that of the other, say L2, then the coupling 
K is the square root of the ratio M^/LiL^ where M is value. of 
the inductance common to the two branches. Thus 

This common or mutual inductance may be obtained by an 
inductive connection if there is a transformer connecting the 
two circuits. In this case M is defined by the equation 

V12 = Mpi2 (53) 

or 

t;2i = Mpii 

where t;i2 is the voltage induced in circuit 1, by a current in 
circuit 2, wliich is changing at the rate pi2. This defining 
equation is analogous to that for self-inductance, namely 

vii = Lpii 

Impedances of Coupled Circuits. — Consider Fig. 41 again. 
When an e.m.f. is impressed at v we may be interested in the 
current ti which it causes to flow in its own branch or in the 
current 12 which it causes in the branch coupled to it. In 
general terms, we have defined an impedance as the ratio of 
an e.m.f. to a resulting current. There may therefore be con- 
sidered to be two impedances in this circuit, namely v/ii and 
v/i2. Of these the first may be called the ''driving-point im- 
pedance", considering v as a driving force and noting that ii 
is the resulting current at the point in the circuit where the 
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driving force is impressed. Similarly the second branch may 
be considered as driven by thee.m.f. impressed in the other 
branch. The ratio v/iz, that is the ratio of the driving e.m.f. 
to the current at the driven point in the circuit, is called the 
"driving-driven point impedance." 

Driving-point Impedance for Coupled Circuits. — ^Thus, for 
example, consider Fig. 42 where is shown an antenna to which 
is coupled a tuned circuit. Assume the constants to be as 
shown in the equivalent circuit of Fig. 43. Assiune a voltage 
of vi active in the antenna, and assume currents as shown in 




Fig. 42. — Practical 
radio system of two de- 
grees of freedom. 



f. 



T-wm-\Jx-mNr-i 

Fio. 43. — Equivalent circuit of Fig. 42. 



the figiu'e. Then the equations, which are similar to those of 
pages 75-76 become 

vi = (LiP + Ri + -^j ti - (Mp)i2 

= - (Mp)ii + {L2P + R2 +^j h 
These are in the form 



Hence 



and 



= — bii + a2t2 



11 = — = 



ll 



a2 



12 



Vi __ aia2 — h^ 
1 2 ~ h 



(54) 
(65) 



(56) 



(57) 
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If the frequency constants of the e.m.f. are known, thus if 
vi = Ee^ = E^^^y then upon substitution of jw for p in equa- 
tions (54) and (55) the driving-point impedance may be ob- 
tained by a further substitution in equation (56). Similarly for 
the drivipg-driven point impedance of equation (57). 

For the special case where the antenna and its coupled circuit 
are both tuned to the frequency of the impressed wave train 
we have 

ai = iZi, a% = Rty and h = jM(a 
Z„ = M-i^MV . S. + ^ (58) 



hence 



^W^ 



Thus it is seen that in the case of an inductively coupled tuned 
receiving circuit such as is shown in Fig. 42 the resistance met 
by an undamped wave train of the frequency 
of the tuning is the sum of the antenna re- n nJTT P 

sistance and a resistance introduced by the 
coupled circuit. 

Resonance Curves. — If an undamped 
sinusoidal e.m.f. of frequency constant w is 44 _a- 1 ♦ ed 
impressed on the circuit of fig. 44 it will circuit, 

meet an impedance Z where 

Z = (Lp + ft + ^) 

^^^iJJ^O^^ (59) 

This impedance becomes a minimmn when w* = 1/LC. The 
frequency, corresponding to w, is known as the resonant fre- 
quency. By comparison with equation (42) of page 71 it 
will be seen that for circuits of this form, involving negligible 
damping, the resonant frequency is the same as the natural 
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frequency. For all other cases the natural frequency is less 
than the resonant frequency. 

When the impressed e.m.f . has the frequency of resonance, the 
impedance is merely the resistance of the circuit. For all other 
values of the impressed frequency the impedance is composed of 
the resistance term and a reactance. The numerical value of 







Fig. 45. — Resonance curve for Fig. 44. 



this vector impedance is Z = ^ fl^ -f / j[,co — ~ j . This has 

been shown to represent the ratio of the maximum value of the 
e.m.f. to the maximum value of the current. Since we are in 
general interested in the current it is convenient to plot against 
frequency the effective value of the current to be expected from 
e.m.f. 's of constant value but of diflferent frequencies. In 
other words, it is convenient to make the plot shown in Fig. 45. 
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On the other hand, it is often convenient to know, in case the 
impressed e.m.f. is kept constant in both maximum amplitude 
and frequency, how the current will vary as the tuning of the 
circuit is altered. That is, we may vary the resonant frequency 
of the circuit by varying L or C and plot against the resonant 
frequency the reciprocal of the impedance which the circuit then 
offers to an impressed e.m.f. of constant frequency. This plot 




FiQ, 46. — Effect on resonance of increased resistance. 

is obviously identical with that of Fig. 45. Since this variation 
in resonant frequency is made by varjring the capacity (or the 
inductance) it is customary to plot the current against the 
values of capacity (or inductance) instead of frequency. The 
abscissa of the resonance curve of Fig. 45 may then be L, C, 
or frequency as desired. Of course, when the s^bscissa is L, or 
C, the form of the curve will be changed somewhat from that of 

6 
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Fig. 45 since the scale for abscissae will be different for C and L 
which vary inversely as the square of the frequency. 

If the resistance term of the impedance is large, tben it is 
evident that the current is less affected by small changes in 
the value of the reactance term, that is the resonance curve is 




'^ht/^J^ 



X 



Fig. 47. — Resonance curve for a damped input. 

flattened out by the introduction of resistance. Fig. 46 shows 
resonance curves for the circuit of Fig. 44 when R is changed 
from JB to 2R and to 4i2. 

Resonance Curves for Damped E.m.f.'s. — ^If the e.m.f. im- 
pressed on the circuit of Fig. 44 is not a sustained e.m.f. but is a 
damped e.m.f. of the form v = ^c^"**"^'"^' then the current i 

V 

is found as i = - where Z is the impedance as given in equation 

Zi 

(44). Thus 
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Z = R + L( -a+j.) + (_/^^.^)g (60) 

For any given numerical values^ of a and co the impedance may- 
then be found from the above relation. The resonance curve 
for a damped e.m.f. is shown in Fig. 47. By comparison of this 
figure with Fig. 45 which is plotted to the same scale it is evi- 
dent that the resonance of a circuit to the excitation of a damped 
e.m.f. is much "flatter" than it is for a sustained e.m.f. 

This is also evident, qualitatively, by inspection of the im- 
pedance Z = R+ Lp + ^. If LCp^ = - 1 then Z = R+ jO. 

1 
But for p = — o+ JO) = — a+j ~~/ffi it is evident that the 

reactance component of Z will not vanish. 

Resonance Curves for Coupled Circuits. — In the case of the 
circuit of Fig. 43 we are interested in the current in branch 2 
for an e.m.f. in branch 1, that is in the driving-driven point 
impedance. Solving equation (57) gives the value of this 
impedance as 

C1C2C02 J ^^^^ 

If the two circuits have diflferent values of LC there will be two 
maxima to the current as the impressed frequency is varied 
and the resonance curve will be of the general form shown in 
Fig. 48. 

Transients in Coupled Circuits. — ^As has been said before, a 
transient current which is a damped sinusoid accompanies any 
change in the character of the e.m.f. impressed on a circuit so 

*The current, i=^v/Z^ where Z is found by equation (60), is the forced 
current. When the impressed e.m.f., v, has a damping, a, small as compared 
to that of the natural oscillation of the circuit, the latter dies out in a rela- 
tively short time and the forced current only need be considered. This is 
the case for Fig. 47. When, however, the damping of the impressed e.m.f. 
approaches thai of the natural oscillation the transient must be calculated. 
For a general solution of the transient see paper of J. R. Carson, Phys. Rev. 
voL 10, p. 217, 1917. 
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that the resultant current in a circuit of one degree of freedom 
like that of Fig. 39 is the sum of two component currents, one a 
forced oscillation and the other a natural oscillation. The 
value of the forced oscillation is found by dividing the e.m.f. 
by the impedance of the circuit. Thus if the impedance is Z 
and the e.m.f. is Ee^"^ this current is (E^)/Z. The natural 
oscillation is of the form I^^^ where jx is the complex fre- 
quency constant of the circuit. 

In case the circuit has two degrees of freedom there will 
be, in addition to the forced oscillation, two natural oscilla- 
tions so that the resultant current will be of the form 




FiQ, 48. — Resonance curve for circuits of Figs. 41 and 42. 

where jz and jy are the frequency constants determined as in 
equations (50) and (51). 

Frequency or Wave Meter. — If the coupling between two 
tuned circuits as 1 and 2 of Fig. 43 is very small, then the im- 
pedance of circuit 1 and hence the current in it is but little 
affected by the presence of the coupled circuit 2. It has also 
been pointed out that for very loose coupling and for a given 
value of the e.m.f. active in circuit 1 the driving-driven point 
impedance is made a minimum, and hence the current in cir- 
cuit 2 is made a maximum, if circuit 2 is tuned to the frequency 
of the e.m.f. active in circuit 1 . Hence if it is desired to determine 
experimentally the frequency of the e.m.f. active in a circuit, 
say 1, it is only necessary to couple to it very loosely a second 
circuit, say 2, the tuning of which may be varied and then to 
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adjust this tuning until a maximum response is obtained. The 
frequency of the current and e.m.f. of circuit 1 is then obtained 



(I) 



from the constants of circuit 2 by the relation / = o~ where 

L2C20)2 -1=0. 

Circuit 2 is for such purposes usually constructed with a 
fixed inductance of known value and an adjustable condenser, 
the value of which in each position is known. To determine 
when the response is greatest it is necessary to use a detector of 
some sort with the circuit. The connection may assume any 
of the several forms described in Chapter TV but Fig. 49 is 
typical. The circuit with its detector and current-indicating 
device is then known as a frequency meter or "wave meter" 



.1 



L 



O 



?# 



Fio. 49. — Use of 
tuned circuit as a wave 
meter. 
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Pio. 50. — Wave meter circuit with 
*' buzzer'* excitation. 



as it is more commonly called. The term wave meter arises 
from the fact that, as will be seen on page 112, there is a simple 
relation between the frequency and the wave length with which 
periodic electromagnetic distiu'bances are transmitted through 
space. 

Buzzer Excitation. — ^If to the wave meter there is added a 
''buzzer" or interrupter and a battery as shown in Fig. 50 then 
the circuit may be used to produce damped sinusoidal currents. 
Such a connection is frequently convenient where it is desired 
to induce in a circuit currents of a known frequency. In 
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that case the ''buzzer circuit'* must be loosely coupled to the 
desired circuit. A condenser Ci shunts the windings of the buzzer. 
E]q>erimental Determination of Coupling. — If a variable 
condenser which is calibrated to read capacity is available, then 
using the buzzer circuit just described, a measiu'e may be made 
of the inductance of a coil of imknown constants. To ac- 
complish this, the condenser and a current-indicating device are 
connected to the xmknown coil to form a wave-meter circuit as 
explained above. The wave-meter circuit so formed is then 
loosely coupled inductively to the buzzer circuit of which the 
frequency is assumed to be known. The circuit with the un- 
known inductance L is then tuned to this frequency by varying the 

capacity. The frequency, ^-y and capacity C being known, the 

value of L is found from o)^ = 1/LC. 

If it is desired to find the coupling of two inductances as Li 
and L2 they may be connected in series without distiu'bing the 
relations in space and their total inductance, say L,, determineli 
as above. Suppose a current i flowing through the two coils in 
series then the e.m.f. across the first coil is Lipi + Mpi where 
Mpi is the e.m.f. due to the mutual inductance Af, induced by 
the current i in the second coil. Similarly, the e.m.f. across the 
second coil is L^pv + Mpi. The total e.m.f. is then 

Lipi -f- 2Mpi + L2Vi which must equal L^pi. 
Hence 

U = L, + 2M + U (62) 

Similarly if the connections of one coil are reversed so that the 
current at any instant flows through it in the reversed direction 
with reference to the other coil, then the inductance of the 
combination, say Ly, is given by 

Ly = Li - 2M + La (63) 

Hence 

4Jlf = Lx - Ly 

When the mutual inductance is known and also the various 
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self-inductances the coupling may be calculated from its defining 
equation as given on page 77. 

Equivalent Circuit of a Transformer. — ^It is sometimes con- 
venient to replace an inductive coupling such as is given by the 
transformer of Fig. 43 by an equivalent conductive coupling 
like that of Fig. 41. To determine such an equivalent consider 
the two circuits of Fig. 51. Write the equations for the e.m.f.'s 
in each branch and note that if the circuits are equivalent the 
equal e.m.f.'s v active in each must produce equal currents. 
Thus 





Fig. 61. — Transformer and its equivalent T-circuit. 



V = 



= 



Hence 



— Mpii -f- L2in2 



V = LaPtl + Lepii — Lepi2 

= Lbpi2 + Lept2 — Lcpii 



Li ^ Lb -h Li 
M =L, 



(64) 
(65) 
(66) 



Spark-gap Excitation.'— For the circuit of Fig. 38 it has been 
shown how the breaking down in resistance of the spark gap G 
allows an oscillatory discharge of the condenser C, the frequency 
of which is determined by L, C and R. When this discharge 
current has damped out, the gap resistance has been restored to 
its normal value, except as altered by changes in the ionization 
of the air or gas, occasioned by the previous discharge. With 
each break of the circuit of the primary of the induction coil 
there is induced in its secondary and hence appUed across the 
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gap the e.m.f . required to cause the spark. Hence in the antenna 
circuit there flows a succession of damped sinusoidal currents 
of the character described above. In ordinary operation the 
gap resistance returns to its normal value in the interval between 
these successive damped currents and hence the number of 
oscillatory sparks per second is controlled by the interrupter in 
the primary of the induction coil. This latter number is called 
the group frequency to distinguish it from the radio frequency or 
oscillating frequency of the antenna. 

Periodically recurring spark discharges may, however, be 
obtained by impressing across the gap the e.m.f. obtained from 
an ordinary alternator. In that case it is usually necessary 
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Fig. 52. — Exciting spark circuit by an alternator. 

to step up the voltage derived from the alternator by a trans- 
former of the ordinary type used in electrical power engineering, 
except that there is more than the usual magnetic leakage. 
It is customary also to use a separate tuned circuit for the spark 
gap and to couple that circuit with the antenna circuit as shown 
in Fig. 52. The two coils Li and L2 coupUng the circuits are 
frequently spoken of as an oscillation transformer. A relay key 
K for controlling the current to the power transformer is also 
shown in the figure. 

In the circuit under discussion the length of the spark gap is 
adjusted so that only once in each alternation of the e.m.f. 
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from the generator does the gap break down and the oscillating 
discharge occur. The group frequency is then twice the fre- 
quency of the alternating-ciu*rent supply. The two frequencies 
of the natural oscillations in the coupled circuits may be found 
by the method of page 76. 

The frequencies may be determined experimentally by coupling 
a wave meter to the tuned circuits. When the frequency of 
the wave meter is approximately that of either of the two 
oscillations under consideration there will be a peak in the 
current-frequency curve obtained by it.^ If the coupling is 
close, the curve will be of the form shown by the full line in Fig. 




Fig. 53. — Resonance curves for circuit of Fig. 52. 



53. If the coupling is loose, the curve will be found to be similar 
to that of the dotted line in Fig. 53. 

Curves showing the currents in the primary, that is, branch 1, 
and in the secondary or branch 2 are given in Fig. 54. 

Quenched-gap Excitation. — If a circuit of but a single degree 
of freedom is excited there will be of course only one frequency of 
natiu'al oscillation. If, therefore, in the coupled circuits 1 
and 2 of Fig. 52 it is possible to arrange that after excitation 
has occurred branch 1 is automatically opened so that no current 
flows in It then except for the instant the current flows in branch 
1 there should be developed in branch 2 but a single frequency 
oscillation. This is accomplished by using for the spark gap 

^ For a further discussion of this matter see Chapter VIII, pages 132-137. 
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a ao-called "quenched gap," that is a gap of small length which 
ofTers a high resistance to the current which flows after a spark 
has passed across it. The current in the primary when using a 



Fig. 64. — Cunentg ii 



e 1 and 2 of Fig. 62 



Fig. 55. — Effect of quencbiiiit on cuireots of Fig. 64. 

quenched gap is then of the form shown in 1 of Fig. 65, and the 
resulUng current in the secondary is then of the form shown in 
2 of the figure. 
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Synchronous Rotary-gap Excitation. — In the case of the so- 
caJled synchronous rotary gap the conditions are similar to those 
in Fig. 52 except that one terminal of the gap is fixed and the 
other is made to approach and then recede from the fixed termi- 
nal. This motion is so arranged that at the moment in the 
cycle of the e.m.f. from the generator when the charging current 
is at its peak the two gap terminals are closest together so that 
then a heavy spark passes. The arc thus formed is drawn out 
by the receding electrode and the current damps out. In order 
to assure synchronism of the motion of the electrode and the 
e.m.f. wave the rotating electrode is connected to the shaft of 
the alternating-current generator. 

Impulse Excitation. — ^Those methods of producing natural 
oscillations of relatively small damping by the actual or equiva- 
lent removal of a source of highly damped natural oscillations 
from a coupled circuit, of which the quenched gap is an example, 
have been classified by the Standardization Committee of the 
I.R.E. under the term "Impulse Excitation." Thus "Impulse 
excitation is a method of producing free alternating current in an 
excited circuit in which the duration of the exciting current is 
short compared with the duration of the excited current." 
"The condition of short duration," as the Committee note and 
as we have seen above, ''implies that there can be no appreciable 
reaction between the circuits."* The definition of impulse 
excitation is seen to be quite broad. 

In mechanics the word "impulse" signifies a discrete blow, 
such as might be occasioned by the impact of a moving body 
as distinct from a sustained force. In electrical terminology 
the word impulse is usually taken to mean an electrical or 
electromagnetic blow. Thus the sudden impact with a body of 
a number of electrons would be an electrical analogy. Instances 
of this character do take place as the student of X-rays well 
knows. The use of the word impulse in the standardized 

^ "Report of the Committee on Standardization for 1915," Institute of 
Radio Engineers. 
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definition is not then in rigorous conformity to its other uses, 
but is to be taken rather as representing the ideal and limiting 
case toward which the transmitting systems involving natural 
oscillations are tending. 

Close approximations to the ideal case may, however, be 
obtained by exciting the secondary circuit through the dis- 
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Fig. 56. — Impulse excitation. 

charge of a condenser in the primary circuit. The damping of 
the primary circuit may then be made so high that the con- 
denser discharge is non-oscillatory. Such a system is shown 
in Fig. 56. A battery supplies through an inductance Lo 
a charging ciurent to a condenser C^. The charging current is 
small but the discharge current when the gap G breaks down 
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Fig. 57. — Alternator and rotary gap discharger. 

may be many times as large. This sudden surge of current in 
circuit 1 induces in circuit 2 a similar surge which is followed 
by the oscillations natural to that circuit. The reaction of 
circuit 1 on circuit 2 may be made of short duration, but per- 
sists for an appreciable time relative to the period of the latter 
which is a high-frequency oscillating circuit. The gap G may 
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be a stationary gap or a rotary gap. In general the gap is a 
multiple gap made up of a series .of short gaps, and in that 
respect, as in others, is similar to the quenched gap discussed 
above. The character of the discharge is to some extent con- 
trolled by the constants L and Co of circuit 1 but largely by the 
quenching of the gap. This depends upon its design, upon 
the methods for cooling the electrodes and upon the kind and 
pressiu-e of the gas between the electrodes. 

The group frequency of the discharge is sometimes controlled 
by the speed of the rotary gap and sometimes by the introduction 
of a so-called tone circuit, the resonant frequency of which 
lies within the limits of audibility. A pure tone, that is, a 
periodic succession of impulses, is sacrificed to the convenience 
of obtaining higher e.m.f.'s across the condenser which accom- 
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FiQ. 68. — Tone circuit. 

panies the use of an alternating-current generator and a step-up 
transformer. In Fig. 57 is shown such a system using an 
alternating-current source and a rotary gap. In this system 
it is evident that the nominal group frequency will depend upon 
the speed of the rotary gap G, but that the alternating-current 
e.m.f. across the condenser may at times be too low to discharge 
even though the gap is in position for a discharge. 

In Fig. 58 is shown a system involving the "tone circuit" 
mentioned above. The tone circuit evidently acts in the nature 
of an alternator, of frequency controlled by its constants Li 
and Ci, which will cause one spark (at least) for each half cycle 
of the oscillatory current with which it discharges across the 
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gap. The system of Fig. 58, except as to differences introduced 
by the gap, is similar to the system for spark excitation described 
on page 88. 

Summary.— All systems for the production of high-frequency 
e.m.f.'s by the natiu-al oscillations of an electrical circuit con- 
taining both types of storage reservoirs are based upon funda- 
mental principles which have been developed earlier in the 
chapter. Thus it has been shown that there will be present in 
any network a forced current and a transient current. This 
transient may be resolved into a number of components equal 
to the number of degrees of freedom of the electrical system, 
the frequency constants of each component being a function of 
all the resistances, capacities, and self and mutual inductances 
of the entire network. The production of a siAgle damped 
sinusoid becomes then a matter of effectively reducing the circuit 
to a single degree of freedom and of minimizing-the duration of 
the forced current. As long as the network has more than one 
degree of freedom there must be a component in the transient 
current for each degree of freedom and hence the desired single 
damped sinusoid can be obtained only during that portion of 
time in which the number of degrees of freedom has been re- 
duced to one by opening the circuit at the proper point. 



CHAPTER VI 

PRODUCTION OF UKDAMPED HIGH-FREQUENCY 

CURRENTS 

In the preceding chapter we have seen how damped oscil- 
lations of any desired high frequency may be obtained by 
utilizing the phenomenon of transient or natural oscillations. 
The principles underlying this general method have been stated 
and some illustrations given. It is intended in this chapter 
therefore to discuss methods for producing continuous, that is, 
undamped, high-frequency currents. 

Inductor Alternators. — The most obvious method is to use 
an alternator similar in principle to the alternators used for 
generating frequencies such as are utiUzed for electric light and 
power but designed mechanically and electrically for high 
frequencies. Alternators may be of three types, namely: 
(a) fixed magnet poles and movable armature; (b) fixed armatiu-e 
and movable magnet poles; and (c) fixed magnet poles and 
fixed armature coils and movable inductors. These latter are 
strips of magnetic material which are moved in and out of the 
fixed magnetic field formed by the direct current in the pole 
windings so as alternately to increase and decrease the flux 
linking with the armatiu-e coils. The difficulties incident to 
rotating coils, whether as armatiu^es or as field windings, to 
which connections for a current flow must be made, are there- 
fore avoided. The most successful alternators for high fre- 
quency are therefore of the "inductor" type. Such machines 
are generally known by the name of the designer, as for example, 
the Alexanderson alternator. 

Alexanderson Alternator. — In Fig. 59 is shown a partial 
section of the Alexanderson alternator. The shaded portions 
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N and S are pole teeth. The magnetic flux ia provided by two 

coils A and A which are concentric with the axis. The poles 

of the magnetic field on one side of the rotor R are thus all 

north and those on the opposite side all south. The armature 

windings appear in this sectional view as small circles above and 

below the laminated pole pieces N and iS. The rotor is a steel 

disc in which slots have been milled leaving thin strips of steel 

between the slots. The latter are 

filled with a non-magnetic material. 

In the figure the cross-section is 

taken through one of these slots. 

As the rotor turns non-magnetic 

slots and magnetic spokes alternately 

pass through the air gap between 

the teeth N and iS. The magnetic 

reluctance and hence the flux across 

each gap is thus successively varied 

from a maximum to a minimum. 

In Fig. 60 is shown schematically a 

part of the rotor and of the armature 

winding on the other side of it. In 

the position shown it is evident that 

in the loop formed by conductors 5 

Fio, 69.— Partial cros»^oUon of and 6 the flux passing through spoke 

a is active. As the rotor turns this 

flux will be reduced by the motion into this space of the next 

slot. As r^ards the loop formed by conductors 4 and 7 the flux 

passing through spokes c, d, and e is active at the moment shown. 

As the rotor turns through the angle subtended by one spoke 

this flux will be reduced by the passage out of the loop of one 

spoke, e.g., spoke c. Hence the rotation of the disc through the 

angle corresponding to one spoke increases or decreases the flux 

through each of the loops 2-5, 3-4, 4-7, 5-6, etc., by the same 

amount. This unusual winding, developed by the inventor, 

permits therefore the use of only two-thirds as many slots for 
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the armature windings as there are effective number of poles. 
In this way the frequency generated may be increased without 
increasing either the speed of rotation or the number of poles. 
The frequency is obviously the product of the number of teeth 
(on one side of the rotor) and the revolutions per second of the 
rotor. Frequencies of 200,000 cycles have been obtained with 
the generator described. 

Goldschmidt Generator. — ^A production of high frequency 
by utilizing the phenomenon of a rotating magnetic field, as 
exemplified in the induction motor of power engineering, and the 
phenomenon of tuned circuits is accomplished in the Gold- 
schmidt alternator. 
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Fio. 60. — Armature winding in Alexanderson alternator. 

The induction motor consists of a "stator" and a "rotor." 
The stator is a group of fixed windings so arranged that alternat- 
ing ciu'rents in them produce a resultant magnetic field the 
direction of which is changing, that is rotating, at a speed 
determined by the frequency of the alternating-current input. 
The "rotor" is a short-circuited armature in which the changing 
flux induces a current. The reaction of this current and the 
field results in a rotation, the armature being effectively dragged 
around by the rotating field. This is, of course, because the 
induced currents are such as to oppose the cause (that is the 
rotation of the field). Such an action requires polyphase currents 
or what amounts to the same thing currents differing in phase. 
A single-phase alternating current flowing in a coil does not^ of 
course, produce a rotating magnetic field but a field alternating 
in direction and sinusoidal in its intensity. A rotor placed in 



7 



98 



RADIO COMMUNICATION 



such a field would not rotate. It would have induced in it, 
of course, an alternating current tending to oppose the magnetic 
field just mentioned. 

A sinusoidal magnetic field may, however, be considered 
to be the resultant of two equal and opposite rotating fields. 
That is, it may be represented by two conjugate vectors, each 
of half the maximum value of the field intensity. If a rotor is 
driven or rotated at the same speed as one of these component 
rotating fields, this component will induce no current in it 
because there is never any change in the flux through the rotor 





c^ 





Fio. 61. — Circuits of Goldschmidt generator. 

due to that component. The relative rotation of the rotor 
and the other component of the magnetic field will, however, 
be double the space rotation of the rotor because field and rotor 
are moving in opposite directions. If the angular velocity of 
the rotor in space is « (where « is the angular velocity of the 
vector representing the alternating current in the stator), then 
there is induced in the rotor an alternating ciurent of twice the 
frequency of that flowing in the stator. 

This general principle is applied in the Goldschmidt alternator 
as illustrated in Fig. 61. The windings of the stator and of the 
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rotor are, of course, distributed in slots but for convenience of 
illustration th^y are represented by coils in the figure. A stator S 
is supplied with direct current from a battery B. The rotor R 
is driven with an angular velocity co. The current induced 
in the rotor is then of frequency /, equal to co/2t. The rotor 
circuit is made of low impedance to that frequency by tuning the 
circuit of Li and Ci. The field caused by this current is alternat- 
ing with reference to the rotor. But the rotor is revolving, 
hence if this field is replaced by two components oppositely 
rotating with reference to the rotor it is seen that one component 
will be fixed in direction with reference to the stator while the 
other will have a velocity of rotation relative to the stator of 
2a>. This latter component will induce a ciurent in the stator 
of frequency 2/. 

The statqr is timed to this double frequency by Lj and Ct. 
With reference to the stator this current produces an alternating 
field which may be resolved into two components rotating in 
opposite directions with velocities of 2w. 

Remembering that the rotor is revolving with a velocity « 
it will be seen that with reference to the rotor these velocities 
become « and 3oj. The rotor is also tuned for the frequency 3/ 
by Cs. The current of this frequency may be seen to give rise 
in the stator to currents of frequencies 2/ and 4/. For the latter 
frequency L4 and C4of the antenna circuit may be timed, resulting 
in a frequency of 4/ in the antenna. 

Frequency Changers. — The Goldschmidt generator discussed 
above is an illustration of both a generator and a frequency 
changer, since it first generates a frequency of / and then by so- 
called "reflections" converts that current into a higher frequency. 

Of the various other methods which have been proposed for 
increasing the frequency of the current generated by an alter- 
nator two are of practical interest. One method -involves the 
use of iron-cored transformers similar to those of power engi- 
neering. Although several different combinations have been pro- 
posed the following is typical. Two transformers are used as. 
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1 and 2 of Fig. 62. The primaries each have two windings. 
Through one primary winding of each transformer passes suffi- 
cient direct current to bring the induction B of each transformer 

up to the knee of the magnetiza- 
tion, or flux-ampere-turns curve, 
as shown in Fig. 63. To the 
other winding is suppUed the 
alternating current which is to be 
changed. The polarity of the 
transformer windings is so ar- 
ranged that in transformer 1 the^ 
alternating current is increas- 
ing the flux at the same time 
that in transformer 2 it is de- 
creasing it. In transformer 1 
then there is in this half cycle 
but a small increase in flux, while 
in transformer 2 there is a large decrease. Conversely for the 
next half cycle, the flux in 1 decreases, while that in 2 makes but 



E 



Fig. 62. — Transformers connected to 
give double frequency. 




Amoere "Turn's 



Fig 63. — Magnetization curve. 



a small increase. The e.m.f.'s developed in the secondary wind- 
ings of the two transformers are then of the general form shown 
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in Fig. 64 (1) and (2). The secondaries are connected in series 
and there is then active in the circuit thus formed an e.m.f. as 
given in Fig. 64 (3). Of course, if the secondary circuit is tuned 
to the double-frequency current thus produced, this current will 
be more nearly a piu-e sinusoid. 

The analogy that may be drawn between the curves of Figs. 
20 and 25 of Chapter III and that of Fig. 63 may be of interest 
to the student. 

The other method which was mentioned above involves the 
use of some device giving an output current with a component 
proportional to the square of the input current as an electrolytic 
cell or a vacuum tube. The mercury- 
arc rectifier has also been used for 
this purpose. 

As to these two methods of pro- 
ducing higher frequencies, it is evi- 
dent that the one involving iron-core 
transformers will involve high losses 
due both to hysteresis in the iron and _ «. ^ « . . .. , 

, _ ^ - . , Fig. 64. — E.m.f's in circuit of 

to eddy currents. Large outputs by rig. 62. 

this method have, however, been ob- 
tained. As to the second method, it is evident that an al- 
ternator is required in addition to the frequency changer. For 
long-distance transmission as will be seen in Chapter VII fre- 
quencies in the neighborhood of 30,000 cycles are used. These 
are well within the range of the Goldschmidt or Alexanderson 
generators. For short distances, however, where higher fre- 
quencies are used, the power requirements are less and the 
vacuiun tube furnishes a convenient generator. 

Vacuum-tube Oscillator. — ^Any device which repeats with 
amplification may be used as a generator of oscillations when 
connected into the proper circuit: For example, a telephone re- 
ceiver placed in front of an ordinary telephone transmitter forms 
a repeating system. If such a combination is connected in 
series there results in general a "singing'' circuit. The fre- 
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quency of the oscillations is in this case determined by the natural 

frequency of the mechanical vibrating system. Such a "howler 

set" is shown in diagram in Fig. 65. 

In case the repeating device does not itself have a natural 

frequency from its mechanical structure, as is the case with the 

vacuum tube, the frequency of oscillation may 

n n ^ controlled entirely by the electrical constants 

(Jj QZUJ of the circuit. Either the output or the input 
circuit may contain a tuned or resonant circuit. 
The output must, of course, be coupled to the in- 
put. In Fig. 66 there is shown such a connection, 
the output circuit being coupled inductively to 

^/ ® • ^ ^ 1"" *^® t^i^^d input circuit /. 

The operation is then as follows: Imagine some 
sUght variation in the output ciu-rent. This will excite in the 
input circuit natural oscillations. These are impressed on the 
grid and hence give rise to similar but amplified oscillations in 
the output circuit. By the inductive coupling these excite 
forced oscillations in the tuned 
input circuit. These in turn 
are repeated in the output and 
the alternating current builds 
up to a steady value which is 
determined by the EcIb char- 
acteristic of the tube. In Fig. 
67 is shown a typical character- 
istic. Below it is the e.m.f.- 
time ciu^e for the increasing 
voltage impressed on the grid; 
on the right-hand side of the 

figure is shown the ciu-rent-time curve. The average value of 
the current is the dotted line. Why the current increases to a 
definite steady value is then evident. The alternating current 
thus produced is obviously not a pure sinusoid but contains higher 




FiQ. 66. — Oscillating vacuum tube. 
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harmonics. The current as read on a direct-current ammeter in 
the plate circuit will be as indicated by the dotted Une. 

Suppose the tube to receive an e.m.f. from the antenna as 
well. It is then in condition for heterodyne receiving as de- 
scribed in connection with Fig. 35 of page 61. This connection 
of the tube is called a "feed back" and the tube is said to be 




Fia. 67.— SimpliGed c 



8 of input and output for oscillating tube. 



"oscillating." In operation the input circuit must be B%htly off 
the time of the signals to be received in order to give an audible 
"beat note." 

The oscillations in the output are, of course, impressed on the 
antenna circuit. The same scheme of connections as in F^. 66 
may, therefore, be used to excite continuous oscillations in the 
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antenna. That is, the oscillating vacuum tube may be used 
either as a heterodyne receiver of continuous waves or as a gen- 
erator of them. When in the latter use interruptions in the con- 
tinuous wave may be caused by inserting a key so as to open either 
the input or the output. Or such interruptions might be caused 
by having the up position of the key alter either the L or C of 
the input circuit while the down position restores the tuned cir- 
cuit to the desired frequency. If the change in the L or C is 
large the alternating current caused by the oscillating tube when 

the key is up will differ so 
much from the resonant fre- 
quency of the antenna circuit 
that but a neghgible current 
will flow in the antenna. 
Arc Generators. — The 
c \ Poulsen arc generator which 

Ui \ is very generally in use de- 

pends for its operation on the 
phenomena of the discharge 
of electricity through gases 
which have been outlined in 
Chapter III. 
Currenf- Le^ ^^ ^^^ j^^ struck between 



Fig. 68. — Static characteristic of an arc. tWO metal electrodes by bring- 
ing them into contact and 
then drawn out by separating the electrodes. If the e.m.f.-cur- 
rent characteristic of the arc path is plotted it will be of the 
form shown in Fig. 68. Since this curve is obtained by impress- 
ing steady direct e.m.f.'s it is called the "static characteristic.'' 
This idea but not this name has been met before; thus in Fig. 
67 the Ib-Ec ciure is the ''static characteristic" of the tube. 
From the other plots of the same figiu'e a ''dynamic character- 
istic" or Ib-Ec curve could be obtained. 

The arc is instable, for if an increase of ciu-rent is produced 
by increasing the e.m.f. applied to the arc path there results a 
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greater heat at the cathode and hence greater ionization. The 
greater number of electrons thus made available for conduction 
results in a still greater conductivity, that is, a lower resistance. 
The impressed e.m.f. is therefore enabled to cause still more 
current and this increase of current continues, the voltage re- 
quired to maintain the arc decreasing toward a definite minimum 
as indicated in Fig. 68. These higher currents result in a rapid 
disintegration of the material of the electrodes and other effects 
that need not further concern us. The arc is said to have a 
"jpalling characteristic." 

It is because of this falling characteristic and the consequent 
instability that arc lamps suppUed from constant-voltage mains 
must have ballast resistances in series with them. For other- 
wise, suppose the voltage impressed on the arc was just that 
required to maintain the current, then any momentary increase 
in current would lead to the sequence of events just described. 
On the other hand, a momentary decrease in current would 
reduce the heating of the electrodes (and gas path) and hence 
require a higher voltage across the arc. But a constant e.m.f. 
would not adapt itself to this condition, and hence the current 
would decrease rapidly. The required e.m.f. increasing and 
being always above the value furnished by the constant voltage 
mains, the arc would go out. To avoid this, suflBicient resistance 
must be inserted in the circuit so that for any momentary de- 
crease in current the decrease in e.m.f. required across the 
resistance and hence the increase in e.m.f. available at the 
terminals of the arc will be suiBGlcient to increase the arc current 
to its former value. 

If the e.m.f. impressed on the arc circuit is not constant but 
is alternating, then it is evident from a consideration of the 
phenomena of ionization that the relation of current to voltage 
will not be the same for an increasing voltage as for a decreasing 
voltage. Thus it will be recognized that when the current is 
decreasing there will be present in the arc stream a larger number 
of "carriers" than there were when the current had the same 
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value but was increasing. The e.m.f. required is then less for 
the case of the decreasing currentJ'^The plot of e.m.f. across the 
arc against current through the arc will then be of the form 
shown in Fig. 69. 

When the sinusoidal e.m.f. is impressed, the electrodes are 
cool and but a small current flows until the e.m.f . has attained 
the value corresponding to point a on the curve. Thereafter the 
current rapidly increases to a maximum, the required e.m.f . de- 
creasing (see point 6). The electrodes are now hot and the 
current may be maintained by a small voltage as pointed out 
above. When the e.m.f. reverses its direction, the same phe- 
nomena occur, giving rise to the lower half of the curve. 
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Fig. 69. — Dynamic characteristic 
of an alternating-current arc. 



FiQ. 70. — Direct-current arc 
with tuned circuit. 



Consider now the circuit of Fig. 70 in which is shown an arc 
supplied through large inductances by a direct-current generator. 
This circuit is similar in form to some of those involving spark 
gaps which were discussed in Chapter V. Assiune for the 
moment that the separation of the arc electrodes is greater 
than the distance the generator voltage can break down so that 
it is not yet a conducting path. Assume also that the generator 
has but recently been connected to the circuit so that the chargr 
ing current to the condenser is still flowing. At this moment 
let the arc electrodes be brought near enough for the arc to form. 
There passes through the arc path then not only the discharge 
current from the condenser but also the current from the gen- 
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erator which the series inductances tend to maintain constant. 
The discharge current from the condenser flowing in the tuned 
circuit LCA operates to charge the condenser in the opposite 
direction. During this time the arc path is carrjdng the steady 
current deUvered by the generator. "When the condenser dis- 
charges again, its polarity is such that its current through the 
arc is of course opposite to the current from the generator. The 
net current in the arc path may then be reduced to zero, in case 
this discharge current is at least as large as the steady current 
from the generator. If this is so, the arc goes out. This leaves 
the condenser C xmable to complete the reversed discharge which 
we are discussing, and aiding in e.m.f. the generator. The 
steady, current from the generator is of course diverted from 
the arc path and is available for reducing the condenser charge 
to zero and then for charging it again to the e.m.f. at which 
the arc path broke down. When this breakdown e.m.f. is 
reached the cycle repeats. The period of the alternations thus 
produced is controlled only in part by the tuning of the con- 
denser circuit since the time between the reduction of the arc 
current to zero and the next discharge is dependent upon the 
rapidity with which the generator can recharge the condenser. 
The two parts of the cycle, namely, discharge and recharge, 
will obviously occupy different times, the former being the 
shorter and also directly dependent on the tuning of the con- 
denser circuit. The wave form produced will not be a pure 
sinusoid but will consist of a fundamental and several higher 
frequencies or harmonics as they are called. 

A modification of this cycle is possible in case, immediately 
following the reduction to zero of the current through the arc 
path, a value of e.m.f. is reached in the reversed direction suflEi- 
cient, in the highly ionized condition of the arc path, to start an 
arc in that direction. In this case there occurs an oscillating dis- 
charge through the gap imtil the damping of the circuit LCA re- 
duces the voltage too far for further discharges. The generator 
then recharges the condenser and the damped oscillating dis- 
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charge will be repeated". In this case the action of the circuit 
is that of the spark-gap circuits described in Chapter V and is not 
strictly speaking a normal arc phenomenon. 

The possible types of oscillations in an arc circuit are for con- 
venience commonly referred to by numbers. Thus, type I is 
for the case where the current from the condenser circuit is al- 
ways less than that from the generator. This type was not dis- 
cussed above as it is of small practical importance. It is char- 
acterized by the fact that the currtot through the arc is always 
greater than zero. Type II which was the first to be discussed is 
characterized by the fact that the maximiun current in the con- 
denser circuit is just equal to the supply current from the gen- 
erator so that the arc conducts in one direction only. Type 
III is similar to type II except that this arc reverses. 
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FiQ. 71. — Poulsen arc. 



The Poulsen arc makes use of oscillations of type II. The 
essentials of the circuit are shown in Fig. 71. The electrodes 
are carbon ( — ) and copper (+ ), the latter being cooled by run- 
ning water. A magnetic field for blowing out the arc is provided 
by the coils F, F. 

In the arc discharge as described above, it is evident that a re- 
duction in the time required to recharge the condenser is obtained 
if the voltage across the arc does not reverse. The voltage at 
which the arc ignites is determined by the separation of its elec- 
trodes, by their temperature and by the ionization condition of 
the intervening gas. Following ignition the voltage across the 
arc rapidly falls as the current increases so that the greater part 
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of the current passes at a low voltage as indicated by the nearly- 
horizontal portion of Fig. 68. As the current through the arc 
decreases due, as explained above, to the reversed discharge of 
the condenser, a value is reached where, as seen in Fig. 68, the 
voltage across the arc wiU rise. This phenomenon was described 
on page 105 in discussing the instability of an arc. This voltage 
has been called the "extinction voltage" corresponding to the 
"ignition voltage." 

In the Poulsen arc under efficient operation it has been shown^ 
that the extinction voltage rises to a value but little less than that 
of the ignition voltage. If the separation of the electrodes is 

drass- Corhoft Tipp^tfy ,^''"^\ [WaUr Cooled Cof^r 




Fio. 72. — ^Arc paths and electrodes of Poulsen arc. 

made too large the reversal of voltage across the arc occurs. If 
the separation is too small the arc tends to burn as a non-oscil- 
latory arc. 

The effect of the magnetic blow out is to blow out the arc, 
which action is accompanied by a motion of the "craters" or 
points of contact of the arc stream with the electrodes. The 
craters move back along the electrodes. The succeeding arc 
starts in general from the hot edges of the electrodes. Thus in 
Fig. 72 is shown the position of the arc at ignition and by the 
dotted line at extinction. The figure also shows the water-cooled 
anode and the carbon-tipped cathode, both in cross-section. The 
intensity of this magnetic field is an important factor in the design 
and operation of the Poulsen arc as has been pointed out by Pe- 
dersen in the reference cited. If the field is too strong the arc 
"craters" travel rapidly into the cooler regions away from the 
edges of the electrodes, the current rapidly decreases and the 
extinction voltage rises. This voltage across the arc may then 

^ P. O. Pedersen: "On the Poulsen Arc and its Theory," Froc, I. R. E., 
vol. 5, pp. 266-316, 1917. 
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ignite a new arc across the shorter path between the hot edges of 
the electrodes. The arcs sketched in Fig. 72 may thus exist 
simultaneously. The constancy of the frequency generated by 
the system will thus be impaired. 

If the field is too weak Pedersen has shown that the arc will not 
be completely blown out during the period determined by the 
tuned circuit. The next arc then occurs between the points on 
the electrodes to which the previous arc has extended. During 
the burning this new arc is moved along another "step" by the 
action of the field. Finally then one Of the arcs reaches the ex- 
treme possible length and then ignition occurs again at the edges 
of the electrodes and the cycle repeats. For such an adjustment 
of the magnetic field the voltage suppUed by the direct-current 
source must be larger than for the case of the proper field inten- 
sity because during the passage of the current a larger voltage 
must be maintained across the terminals of the longer arcs. The 
conditions for successive arcs are not constant. Hence in this 
case also there are variations in the generated frequency. 

The proper value of magnetic field to use in any case is one 
which will just blow out the arc during one period, allowing a 
new arc to form at the beginning of the next period. The most 
suitable field intensity will therefore depend upon the frequency 
it is desired to generate. The relations developed by Pederseii 
show this field intensity to be approximately proportional to the 
frequency. 

Under the proper conditions of operation the effective value of 

the radio-frequency current generated will be -y^ times the sup- 
ply current from the direct-current generator. 



CHAPTER VII 

RADIO TELEGRAPHY AND TELEPHONY ^ 

The Ether. — ^The medium through which electrical and 
magnetic forces act is called "ether." With the theories as to 
its composition or construction we are not here concerned. It 
is, however, by virtue of this medium which fills all space that 
electromagnetic disturbances, whether discrete or periodic, 
are made manifest at a distance. Of the periodic disturbances 
thus transmitted Ught and heat are two classes. The periodic 
disturbances made use of in wireless telegraphy form a third 
class. The velocity of transmission of all three is the same, 
namely, 186,000 miles per second or 300,000,000 meters per 
second. 

Wave Motion. — Consider a source of periodic electromagnetic 
disturbances, as for example, an antenna circuit. Let the disturb- 
ance occur every T seconds, that is, have a frequency of / = 1/T. 
Let V represent the velocity with which an electromagnetic dis- 
turbance is propagated through the ether. Consider time to 
begin at the moment when the first disturbance occurs at the 
source. Then T seconds later the effect of this first disturbance 
can be detected VT meters from the source. At this instant a 
second disturbance is occurring at the source. At a time 2T 
the first disturbance will have reached all points distant 2VT 
from the source, the second disturbance will have reached all 
points distant VT from the source and a third disturbance will 
be occurring at the source. 

Now imagine a series of disturbances occurring at the source 
of such a nature that their respective magnitudes are pro- 
portional to the sine of an angle which increases with the time. 
At any time t the disturbance at the source may be represented 
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by A sin tat. To all these sinusoidal values the reasoning above 
may be applied. Thus at the instant when o)t = co(2r), that 
is (at = 4x, the disturbance occurring at co< = has travelled to 
points distant 2VT from the source and that occurring when 
o)t was 2ir to points distant VT. Similarly when (at = 4^+ 6 
the disturbance which occurred at the time co< = 2ir+ d is at 
points distant VT and that which occurred at «« = d is at 
points distant 2VT. That is, there occur at points distant 
from the source by VT, 2VT, ZVT and so on, disturbances which 
are exactly in phase with the disturbance occurring at the 
source. We may then write the disturbance occurring at the 



Fig. 73. 

point distant 2VT as K2A sin {(at — 4^) and that occurring 
at the point distant VT as KiA sin {(at — 27r) corresponding to 
a disturbance of A sin (at at the source. The factors Ki and K2 
are to take into account any reduction in the intensity of the 
disturbance occasioned by its propagation to a distance. 

It is now desired to find what the disturbance is which is 
occurring at a point distant X from the source. Let X represent 
the distance VT for convenience. It takes X/V seconds for 
the disturbance to travel to the point in question. As above 
we see that if X is 2X then the disturbance is KA sin {(at — 47r), 
neglecting for the moment the variations of K with the distance. 
If X is X, it is KA sin {(at — 27r). By proportion then the 
disturbance at X will be KA sin {<at — 2nrX/\). Now T is 
1//, hence X = FT = V/f and 27rZ/X = 2irSX/V = (aX/V. 
Hence also the distiurbance at a point distant X from the source 
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may be written KA sin «(i — X/V). The disturbance to be 
expected at any point at some definite time is then a sinusoidal 
function of the distance to the point; that is, at any instant 
the disturbance in the ether is proportional to the sine of an 
angle which is constantly increasing with the distance. Two 
points which are separated by a distance X have disturbances 
of the same character, that is, phase and also magnitude (except 
in so far as the latter is influenced by the factor K which will 
be discussed later). The distance X is called the wave length. 

At any instant, say h, the intensities of the disturbances at 
the various points along a Une from the source are as shown in 
the full curve of Fig. 73. At some later in- 
stant, as <2, they will be as the dotted line of 
that figiu^. 

Oscillator — Simple. — The simplest form of 
oscillator by which periodic electromagnetic 
disturbances may be propagated is due to 
Hertz. It consists as shown in Fig. 74 of a 
straight wire or rod broken by the introduc- 
tion of a spark gap G which is supplied by an 
induction coil. As the e.m.f. from the coil 
rises, the two halves of the rod become oppo- 
sitely charged. The two parts of the oscilla- 
tor form a condenser and an electrical field 
exists between them. The direction of this 
field which exists in the space surrounding 
the oscillator varies from point to point. At 
all points, however, in a plane perpendicular to the rod and 
passing through the center of the gap the direction of the field 
will be parallel to that of the rod. 

The act of charging the oscillator means a repulsion of electrons 
from one gap electrode along its attached rod and an attraction 
of electrons from the other rod to its electrode. The operation 
of charging, therefore, is equivalent to a unidirectional flow of 
current from the extremity of one rod to the extremity of the 
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FiGi 74. — Hertzian 
oscillator. 
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other. It is evident, however, that this charging current will 
be zero at the ends and a maximum at the gap. The magnetic 
field due to this current will form circles concentric with the 
oscillator. In the plane perpendicular to the oscillator at its 
center the magnetic field will then always be perpendicular to 
the electrical field previously described. 

Limit the consideration for the moment to effects in this 
plane. It is evident that at any points to which the electrical 
and magnetic fields arising from the current in the oscillator 
may have extended, these fields are at right angles to each other 
and also at right angles to the radial line connecting the point 
and the center of the oscillator. In other words, the direction 




Fio. 76. — E.m^. and current distribution in Hertzian oscillator. 

of propagation of the electromagnetic disturbance is normal to 
the plane of the electrical and magnetic forces. 

Returning to the oscillator, we see that at any instant the 
plot giving the charging current at each point is of the form 
shown by the full heavy Une of Fig. 75. At some later instant 
the gap breaks down and an oscillating discharge occurs. At 
some still later instant the distribution of the discharge current 
will be similar but opposite to that of the charging current, and 
as shown by the heavy dotted line. 

The counter e.m.f. of the oscillator considered as a condenser, 
that is the electrical potential of each point, will be as shown 
by the Ught lines of Fig. 75. That the potential is a maximum 
at the extremities of the oscillator is evident from the following 
considerations. The work required to move an electron to an 
extremity of the oscillator, hence the work per unit charge, that 
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is the potential, is a maximum because it must be moved against 
the repulsions of all the other electrons and for the greatest 
distance. 

Following the breakdown of the gap the potential distribution 
will be of the form shown in Fig. 75 by the Ught dotted line. 
The plot of current and potential do not represent maximiun 
values since obviously the maxima of voltage and current do not 
occur at the same instant. When the charging current ceases 
to flow the potential is a maximum. Vice versa, when the 
discharge current is a maximum the condenser is 
completely discharged, the potential zero and the 
current in the direction for reversing the charge. 

The point where the potential i^ always zero is 
called a node and conversely where it undergoes 
the maximum variations is called an anti-node. 
TJie frequency with which these variations occur 
is of course determined by the relation of the in- 
ductance and capacity, given by equation 42. 

Oscillator — Complex. — rif the simple oscillator 
of Fig. 75 is shortened and the equivalent capac- 
ity obtained by increasing the capacity by add- 
ing wires or plates, there results an oscillator of 
the more complex form shown in Fig. 76. The fio. 76.— Oscii- 
maximum current and potential are shown in dis- latorwithiumped 
tribution by the heavy and the light Unes re; *^*^*°* ^' 
spectively. If the lower half is replaced by a conducting plane, 
the oscillator becomes the Marconi form shown on page 70. 

Antenna Design. — ^An antenna therefore is an oscillator derived 
from the Hertzian oscillator by using the earth for one-half 
and by increasing the current in the vertical by increasing the, 
capacity of the extremity of the upper half. This increase of 
capacity admits of a greater current than can be obtained for 
the same height in a simple vertical wire. 

Of the various forms of antennse which have been tried at 
various times but two types are in common use today. These 
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are the umbrella type and the flat-topped. The umbrella 
type illustrated in Fig. 77 consists of a vertical conductor from 
the top of which other conductors slope downward hke the ribs 
of an umbrella. The flat-topped form is lisually that of a T 
although it is sometimes an inverted L. In some cases the 
horizontal portion is a triangle formed by three flat-topped 
structures to only one of which vertical conductors are con- 
nected. This form is used by the U. S. Navy as illustrated in 
Fig. 78.^ The T form is usual on ships. The inverted L with 
a long horizontal portion is preferred by the Marconi Company. 




Fig. 77. — Umbrella antenna. 

Electromagnetic Radiations from an Antenna. — ^From a 
complex oscillator of the type known as an antenna there is 
propagated by an alternating current in the oscillator an electro- 
magnetic disturbance. Upon the assumption that the earth's 
smf ace is flat and a perfect conductor, it may be shown that this 
disturbance at any point is the same as would be produced by a 
complete symmetrical oscillator of which the upper half has the 
form of the actual antenna. Upon this assumption expressions 
may be written for the intensity of the electrical and magnetic 
forces at any point. A correction factor allowing for the curva- 
ture of the earth may also be introduced. Upon these assmnp- 
tions the maximum ampUtude of the disturbance at a point on 
the earth's surface distant X from the oscillator is to be found 
by multiplying its value for X = by 



\X\ane 



0.0019X 



*E.g. at Arlington, c. f. Capt. Bullabd: I.R.E., y. 4, pp. 421-47, 1916. 
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where 6 is the angle the distance X subtends at the center of 
the earth. 

The practical conditions, are, however, not so simple. The 
constitution and electronic behavior under the influence of the 



Fio. 78. — Triangular flat-topped antenna. 

Bun's rays of the upper strata of the earth's atmosphere are as 
yet undetermined. The surface of the earth is far from spherical, 
- and the local irregidarities in curvaturs due to mountains are 
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appreciable. In addition, the conductivity of the earth's 
surface and of its strata vary with wide limits. The atmospheric 
conditions at various points along the path of a wave will also 
vary. The result is that the relations obtainable theoretically 
for the ideal case have not as yet been extended to cover practical 
cases. Before this can be done more exact data must be ob- 
tained by careful measurement. 

Attenuation. — While no satisfactory formula of general ap- 
plication exists for computing the attenuation, or the fractional 
reduction in intensity, of a periodic disturbance as the dis- 
tance from the source is increased, an empirical formula has 
been obtained by Austin^ for one special case. It covers trans- 
mission during daylight over sea water between ordinary ships' 
antennae. It indicates for K in the wave-motion formula of 
page 113 a value of 

1 0.0015X 



XX 

r 

where X and X are measured in kilometers. 

The work of Austin also gives for the same conditions a 
measure of the effective value of -4, in the wave-motion formula, 
provided flat-topped antennae of heights hi and hi in kilo- 
meters, are used for transmitting and receiving, respectively. 
The wave-motion equation then gives the disturbance in terms 
of the effective current in an antenna of about 35 ohms effective 
resistance. Under the conditions, the value of A is 

A = 120ir^^/ 

where I is the effective current at the antinode of the transmitter 
and 22 is the resistance of the receiving antenna. 

Radiation Resistance. — In the case of the telephone receiver 
as discussed in Chapter II we found that the impedance was com- 
posed of two terms one of which represented the motional im- 

^L. W. Austin: Bull Bureau Standards, vol. 7, p. 315, 1911; and vol. 
11, p. 69, 1914. 
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pedance. In the case of a transmitting, that is radiating antenna, 
there is in addition to the impedance of the circuit itself a radia- 
tion impedance or rather resistance since it is non-reactive. That 
is, if an artificial antenna circuit is formed, composed of capacity, 
inductance and resistance equal to that of the actual antenna, 
then for the same current the power losses in the case of the 
artificial antenna will be smaller than for the actual antenna by 
an amoimt PRa which represents the power radiated by a 
current in the antenna of effective value /. Conversely, when 
an antenna is used for receiving there is an absorption of energy 
from the surrounding ether which depends upon the electrical 
field intensity at the antenna. 

The radiation resistance is given approximately by the for- 
mula Ra=- K{^y where /f is 40 (2t)^ = 1580 and the height h 

and the wave length X are measured in the same units of length. 

In order that the radiation resistance shall be a large part of 
the total resistance it is necessary that the effective resistance of 
the antenna and the ground resistance shall both be small. 

Ground Systems. — To obtain a low resistance for the part of 
the earth that serves as the lower plate of the condenser of which 
the antenna wires and more particularly the horizontal wires 
form the upper plate, two methods are followed. In one case 
called the "conductive ground" a network of wires is embedded 
in the ground, for the entire area covered by the horizontal 
aerial, and connected to the bottom of the vertical aerial. In 
the other method of "capacity ground" or "counterpoise" the 
network of wires is supported above the ground by insulators. 
The two cases are not very dijfferent, particularly when the upper 
layer of the earth is a poor conductor and the real conducting 
layer is well below the surface. Then for either case the ground 
wires and the conducting layer of earth form a condenser of large 
capacity as compared to that between aerial and ground wires. 
The capacity between the aerial and the conducting layer of 
earth is then due to these two capacities in series and since one is 
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large as compared to the other it will be very nearly in value that 
of the smaller capacity, which is that of the antenna. 

Choice of Wave Length. — ^A mathematical analysis of the ex- 
pression for the attenuation of the wave shown in Fig. 73 will 
show that for given transmitting and receiving antennsB there 
is, for a distance X separating them, a best value of the wave 
length and hence of the frequency to be used in transmission.^ 
This value is X = 0^X^/4. It thus appears that long waves (i.e., 
low frequencies) are best for long distances. With allowance for 
this fact the available range of wave length is divided up 
and assigned to different groups of stations, e,g,, ship stations, 
navy stations, long-haul commercial land stations. 

Wireless Telegraphy. — In the previous pages there have been 
discussed the methods of producing high-frequency alternating 
currents, the methods of detecting their existence and the phe- 
nomena of the transmission of these effects through the ether. If 
distances of only a Jew hundred miles are involved it is usual to 
use either a spark-gap transmitter or a vacuum-tube transmitter, 
to work with short wave lengths, e.g,, 200 to 1000 meters, and to 
receive with a crystal detector or a vacumn tube. For longer 
distances the tendency has been to use arc generators or alter- 
nators, to use longer wave lengths and to receive heterodyne with 
a vacuum tube. The choice of apparatus, its design and the 
circuit in which it is connected has been influenced in the past 
largely by question of patent rights and by the individual bias of 
the designing engineer. There are a large niunber of circuit ar- 
rangements all about equally good but frequently imnecessarily 
complicated. The safest rule is to adopt the simplest and most 
flexible circuit. Thus for transmission the loosely (inductively) 
coupled tuned circuits of Fig. 42 will be foimd satisfactory. 
For reception the circuits of Fig. 31 or Fig. 35 may be used. 
Some alterations of these fundamental circuits will, of course, 
prove desirable;^ thus in Fig. 35 it may be best to supply the plate 

^ Using Austin's data, a - 0.0015 when X and X are in kilometers. 
^Illustrations of practical circuits will be found in the next chapter. 
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battery in shunt with the receiver instead of in series. If this is 
done a condenser should be put in series with the receiver to keep 
out of it the battery current and a choke coil or high reactance 
should be put in series with the battery so that it may not serve 
to short circuit the receiver for 
currents of audio-frequency. 
'Wireless Telephony. — In 
wireless telephony a continu- 
ously transmitted high fre- 
quency is modulated by the 
voice frequency. This is ac- 
compHshed by causing the 
currents in a telephone trans- 
mitter circuit to affect the 
high frequency as it is being 
produced. Thus in Fig. 79 
is shown an arrangement 

whereby the voltage impressed on a Poulsen arc is caused to 
fluctuate in value by superimposing upon it a voltage induced by 
the telephone circuit.^ 




Fig. 79. — Poulsen arc as a radio tele- 
phone transmitter. 




FiQ. SO. — Oscillating vkcuum tube as a radio telephone transmitter. 

^The method most frequently adopted is the exact analogue of wire 
telephony. One or more transmitters are connected directly into the 
antenna circuit. The transmitter thus serves to modulate the high fre- 
quency (or carrier wave) in exactly the same way as the transmitter in 
wire telephony modulates the direct current or zero frequency carrier. In 
this connection see the following section. 
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Fig. 80 shows how the current in a telephone transmitter 
circuit may be impressed on a vacuum-tube generator. 

The general principle involved is the same in the two circuits, 
but is more easily grasped in the case of the vacuum-tube gener- 
ator because of its simpler equations. There is impressed upon 
the input of the tube of Fig. 80 two voltages, one a continuous, 
high frequency, say Ae^'*^©', and the other a low or audio-fre- 
quency, say Be^'"i'. -The output of the tube may then be found 
by trigonometry similar to that used in discussing heterodyne 
receiving in connection with Fig. 35. It is thus seen that there 
are transmitted two high frequencies, one {cjq + coi)/27r and the 
other (coo — (ai)/2ir. Also, of course, the tube acts as an ampHfier 
or repeater and so transmits directly the high frequency a>o/2x. 
At the receiving station then the current in a detector would com- 
prise components having frequencies of the sum and the differ- 
ence of those it receives. It would thus produce in its output 
circuit a frequency of wi/27r which is the frequency of the talk 
input at the transmitting station. 

It will thus be seen that, as was pointed out on page 56, so 
far as the principle on which heterodyne receiving systems oper- 
ate is concerned, it is immaterial whether the two superimposed 
high frequencies are produced one at the sending and one at the 
receiving station or both at the sending station as in wireless 
telephony. 

Transmission of Intelligence. — It is now possible to make a 
comprehensive statement of electrical methods of transmitting 
intelligence. Two frequencies may always be considered to be 
transmitted and received. One of these may be denoted the 
carrier frequency, and the other the modulating frequency. 
In wire telephony, a direct current or zero frequency current 
serves as the carrier. This in passing through the transmitter 
button is modulated by an audio-frequency. The introduction 
of a transformer or so-called "repeating coil" between the 
transmitter circuit and the Une reduces the ampUtude of the 
zero frequency current in the Une to zero. In wire telegraphy, a 
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direct current is modulated by a complex wave of audio-fre- 
quencies. In wireless telephony, as we have just seen, a carrier 
frequency is modulated by an audio-frequency resulting in the 
transmission of three radio-frequencies. In wireless telegraphy, 
using continuous waves, the carrier frequency may be considered 
to be modulated by an imaginary current of frequency deter- 
mined by the conditions at the receiving station. Thus, in 
heterodyne receiving with a separate generator, or with an oscillat- 
ing audion, this frequency is determined by that local source. 
With a tone wheel or tikker, the frequency is determined by that 
instrument. In wireless telegraphy, using spark gaps a con- 
tinuous frequency is modulated by the group frequency of the 
system. In all these cases there may be considered to be a 
fundamental principle of which wireless telephony is the general 
case and the other special cases. 

Along the same Une, it may be pointed out that wire communi- 
cation is the special case of which wireless is the general case. 
If waves arising from a transmitting station are restricted and 
guided by continuing the horizontal parts of the two antennae 
until they meet, the directive system thus formed becomes the 
familiar circuit of telegraphy, or the early days of telephony, con- 
sisting of a single wire and the ground return. Replacing the 
earth by a wire to form a self-contained system with immensely 
increased possibilities of reducing interference from outside 
sources was first suggested by Col. Carty. The use of a high 
frequency for the carrier instead of the zero frequency commonly 
used in wire telephony has been suggested by Major Gen. 
Squier. 

The student then, who grasps the fundamental ideas involved 
in modulation and detection as illustrated by wireless telephony, 
starts from what may be considered to be theoretically, although 
it is not historically, the basis of all systems of communication 
by electromagnetic waves. 



CHAPTER VIII 

PRACTICAL APPLIANCES AND METHODS OF 
RADIO TELEGRAPHY 

Resistances. — When a conductor ia traversed by an alternat- 
ing current of high frequency, it ia found that the resistance of 
the conductor depends upon the frequency. The factor by which 
the direct-current resistance of the wire must be multipUed to 
give the alternating-current resistance is called the "skin effect 




ZO 40 SO 80 m 
Frequency ^^ xlQ' 



rreq<jency^%.K/0' 



resistance ratio." This name is due to the fact that the higher 
the frequency, the smaller the current density at the center of 
the wire and the larger the portion of the current carried by the 
outer layer or skin. The effect ia due to the distortion of the 
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lines of current flow by the alternating magnetic field established 
by the current. The ratio defined above increases with the 
size of wire used. 

[Replacing a soUd conductor by several strands of wire having 
the same total cross-section will reduce this ratio if the strands 
are insulated and braided so that each is on the outside surface 
for about the same portion of the total length. In the case of 
the so-called "Litzendraht" wire, the reduction in skin effect 
is very marked^ as is evident from Fig. 81a. This wire is made 
up of a large number of 
small strands enameled for 
insulation and braided to- 
gether with a so-called 
'* basket weave" into a 
cylinder. 

A very convenient 
method of securing a sub- 
stantial reduction in skin 
effect over that for a solid 
cylindrical wire of the same 
area is to form the conduc- 
tor in thin and narrow strips 
or ribbons. This is well „ ^ « . , . ^ 

. , 1 . x-i- «^ 1 FiQ. 82. — Spiral mductanoe. 

evidenced m Fig. 81b. 

In the construction of coils the best results seem to have been 
obtained by using either copper ribbon or Litzendraht. In 
the earlier days of the art, coils were sometimes formed from 
hollow tubing, but the ribbon construction is superior. 

Inductances. — Inductance coils are usually wound as solenoids 

of one or more layers or as flat spirals. The latter construction 

is much used in small quenched-gap transmitting sets. In 

such cases, the coils are frequently of the form shown in Fig. 82. 

One connection is made at A and the other by a movable clamp 

at any desired point; or both connections may be so adjustable. 

* Kennellt and Affbl: Proc. I. R. E., vol. 4, pp. 523-75, 1916, from 
which article Figs. 81a and b are reproduced. 
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Multi-layer coils result in an increased inductance for the 
same space occupied by the coil but are subject to especial 
difficulties of design. Between any two turns of an inductance 
coil carrying an alternating ciu'rent there is a potential difference 
which is greater the larger the number of intervening tiu-ns. In 
winding a multi-layer coil, turns which are separated electrically 
by several intervening turns may be brought into close proximity. 
This results in increased difficulties of insulation and in increased 
energy losses in the insulation. Furthermore, between any two 
turns of a coil there is capacity. At low frequencies this so- 
called "shunted capacity" of a coil may be inappreciable but 
at high frequencies it may become quite objectionable. Since 

the capacity between two conductors 
is inversely as the distance between 
them, these effects may be much in- 
creased in multi-layer construction. 
In the present state of the art, it is 
doubtful that the decrease in size of 
coils effected by multi-layer winding 
outweighs for ordinary purposes the 
inherent disadvantages. 

Variable Inductances. — ^Variations 
in inductance may be produced by 
fixed steps or continuously. As an illustration of the first case 
see Fig. 83 where a dial switch is so arranged as to vary the in- 
ductance included between a and b. Variations of smaller steps 
may be obtained by using a continuous single-layer coil with 
a sUding contact as shown in Fig. 84. 

Continuous variations are usually accomplished by using two 
coils, one fixed and one moving, so that their mutual inductance 
may be varied. In this way the inductance of the combination 
in series is changed from a maximum when the coils are aiding to 
a minimum when their fields are opposing. The relative motion 
of the two coils may be accomplished in any of several ways. 
Thus in Fig. 85, coil II may sUde into the larger coil I. A mini- 




FiQ. 83. — Inductance variable 
by steps. 
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mum inductaDce with this design is to be obtained by turuing 
coil II end for end and then inserting it in I. 




Fio. 84.— SUde- 



The most satisfactory method ia to use some form of "vario-" 
meter" as that shown in Fig, 86 where one coil is placed inside 



Fio. 86. — Vuiomoter for ai 

the other and the plane of the inside coil may be rotated about a 
diameter. 

With the spiral coil of Fig. 82 continuous variations may of 
course be obtained by sliding one of the clips or contacts. In all 
Buch cases where a variometer is not used, it b important to 
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guard against "dead ends." Thus in Fig. 84 it will be seen that 
the current flowing in the section ocb induces an e.m.f. in the dead 
end a! as in an auto-transformer. If the shunted capacity of the 
whole coil is such as to give it a natural frequency near that of 
the current large energy losses will ensue. 

Condensers. — Condensers as used in wireless operation divide 
sharply into two classes, namely, those used in transmitting sys- 
tems and those used in receiving systems. In the latter case 
only small potentials are met and the usual practice is to con- 



Fia. 87. — Vaiiable air condeoser. 

struct fixed condensers with mica for a dielectric and variable 
condensers with air for the dielectric. The latter case is illus- 
trated in Fig. 87. The condenser consists of two sets of semi- 
circular plates, having a common axis and alternately spaced. 
One set is fixed and the other movable. The maximum capacity 
occurs, of course, when the plates of one set are immediately 
above those of the other. 

In transmitting systems large e.m.f.'s are involved and hence 
leakage discharges and punctures due to the breaking down of the 
dielectric must be guarded against. In many instances glass- 
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plate condensers are used, the conducting plates being thin sheet 
metal or foil. In other cases condensers formed by sets of alter- 
nate conducting plates have been enclosed in containers filled 
with air or other gases under pressure, or with oil. Fig. 88 
shows an external view of a compressed-air condenser. Fig. 89 



shows the inside construction. The so-called Leyden jar is also 
used but its volume is large for the capacity it has as compared 
to plate condensers. The Leyden jar consists merely of a glass 
jar which to a height somewhat below the top is coated inside 
and out with a metal film. The two metal surfaces constitute 
the conducting plates of the condenser. 
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In connecting condensers it should be remembered that for 
condensers in parallel the resultant capacity is the sum of the- 
separate capacities but that for condensers in series the resultant 
capacity is f oimd by taking the reciprocal of the sum of the recip- 
rocals of the several capacities. 

Frequency Measurements. — The phenomenon of resonance as 
discussed in Chapter V is the basis of the convenient methods 
for determining frequency. Given a calibrated variable conden- 
ser and a source of current of a known frequency the inductance 
of a coil may be determined as shown on page 86. The coil and 
condenser may then be used to form a frequency meter as de- 




FiQ. 90. — Wave-meter circuit. 

scribed on page 84. The minimum requirement of apparatus 
for measurements of high frequency is then a fixed and known 
inductance, a caUbrated variable condenser and a detector. In 
amateur installations where equipment is lacking, it is usual to 
caUbrate a few points of the wave meter directly in terms of 
frequency or wave length by tuning it as a receiving circuit to 
various transmitting stations of known wave lengths. 

It is also possible to wind certain forms of coils very exactly to 
predetermined values of the inductance. The calculations^ are, 
however, usually laborious and beyond the amateur for whose 
purposes approximate results may be obtained by winding cy- 
lindrical coils which are long as compared to their diameters. 

1 Ro9a; BvUl Bureau Standards, vol. 8, pp. 1-237, 1911. 
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For such a coil the inductance* is 4ir*r* JV'/i where I, r, and N are the 
radius, the length and the total number of turns respectively. 
Wave Meters. — Commercial forms of frequency or wave 



Fia. 91. — Kolst«r wave meter, 
meters operate as illustrated in Fig. 90° upon the same princi- 
ple as has been mentioned above. They usually embody also 
' ' In ceatimeters if r fud I are in centimeters. To reduce to henries divide 
by 10'. 

'Kolater; "Direct Reading Decremeter and Wave Meter." Ptoc 
LR.E., vol. 3, pp. 29-53, 1615. From this article Fig. 91 is reproduced. 
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the buzzer circuit described on page 85. In the figure, ff is a 
hotwire ammeter and D is a crystal detector. The tuned circuit is 
formed by L and the condensers C and Cv the latter being variable. 
A switch permits the use of the buzzer circuit EBR where 22 is a 
resistance. The special features of such a set in addition to the 
convenient compactness as shown by the picture of Fig. 91 lie 
in the fact that its scales are calibrated to read directly not only 
wave lengths but also decrements. This last is obtained by the 
use of a specially designed variable condenser the plates of which 
are as shown in Fig. 92. Such a condenser has a capacity of oc**^ 
where a and m are constants and D is the angle through which the 
plates are rotated. The advantage of this design hes in the fact 

that in moving the plates 
through any angle the ratio of 
the change in capacity, Cr — C, 
to the new value C of the capac- 
ity is a constant. This makes 
the decrement of the circuit 
depend upon the angle through 
which the condenser plates are 
rotated and hence by a sys- 
tem of gears permits a direct 

Fig. 92. — Condenser plates of Kolster j. r xu j a r xi_ 

meterT reading of the decrement of the 

circuit under measiu'ement. 
Measurement of Logarithmic Decrement of Wave Meter. — 
The decrement of a wave-meter circuit is known if its resistance 
and either the inductance or the capacity are known. This fol- 

lows from the relations of equation (39), namely d = -^^ where 

for a circuit of the form under consideration, a has been shown 

to be 




2L 



Thus 



d = 



R ^Rt 
2Lf L 



a 



w [L 



= JBttcoC 



(67) 
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If the wave meter is excited by a buzzer and causes a deflection 
corresponding to an eflfective current of / in a hot-wire ammeter 
included in its circuit, then the heating effect of the natural oscil- 
lation is PR where R is the resistance of the wave-meter circuit 
at this frequency. Now let the resistance be increased by adding 
a known resistance /2i, then under the same conditions for the 
buzzer it is correct, to a first approximation, to assume that the 
natural oscillations dissipate the same amount of energy per 
second. Hence PR = Ii\R + Ri) where /i is the new value 

of the current indicated by the hot-wire instrument. 
Hence 

R = -BijF^x* ^^^ 

It is usual to insert resistance by a sUde wire sufficient to make 

P 
Ii^ = «■• Equation (68) then becomes R = Ri. 

The method just described is convenient in that it requires no 
apparatus which is not normally part of a wave-meter set. A 
more exact method will be described at the end of the next 
section. 

Bjerknes Method of Decrement Determination. — It has been 
shown by Bjerknes that if a resonance curve is taken for an 
input of unknown decrement di by varying the capacity of the 
wave meter, then, if the decrement d2 of the wave meter is 
known, di may be determined from the curve. Thus con- 
sider the resonance curve of Fig. 93. The ordinates are pro- 
portional to the heating effect of the current as indicated by 
the hot-wire ammeter of Fig. 90. The abscissas may be the 
ratios of the capacity Cx in circuit to the capacity Cr for which 
resonance occurs or they may be actual values of the capacity 
as indicated in the figure. 

Then the relation 

"■ + A - '^^\G?^ W 

c ^ c 

holds, provided di and da are small as compared to 27r and —^ — * 
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is small as compared to imity. If C» is greater than Cr, then 

C ^ C 
this factor is written ' ^ — - so that it is always positive since 

the decrement is positive. In exact work it is usual to average 
determinations from both sides of the curve. 

The usual practical method is to determine but three points 

on the resonance curve, 
■e namely those corresponding 

2 

In terms of the corresponding 
capacities the formula then 
becomes 




to /r^ /i^ = -7f and /2^-= 2 



di -{• d% = TT 



C2 + C, 



(70) 



The Kolster decrement 
meter makes use of this rela- 
tion. The condenser is varied 
until the value of Ir^ is noted 
It is then decreased to the 
value Ci. The gears of an 
auxihary scale giving di + d2 
are now meshed with a gear 

Fig. 93.---Determination of decrement ^jj^^l ^^ ^^^^ condense, axle. 
from resonance curve. . . , 

A pomter is then set opposite 
the zero of the decrement scale. The condenser is rotated un- 
til C2 is reached in which position the pointer indicates di. 

It is now evident why it is necessary to know the decrement 
of the wave-meter circuit in order to determine the decrement of 
the impressed e.m.f. It is also evident how the decrement of 
the wave meter may be determined provided a source of sus- 
tained oscillation is available of the same frequency as the e.m.f. 
of unknown decrement. Thus, tune the wave meter to the un- 
known e.m.f. Then couple the wave meter to a generator of an 
undamped e.m.f. and tune the generator to the same frequency 
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as indicated by a maximum ejffect in the wave-meter circuit. 
Determine d'i+ dz for the input from the generator by the 
Bjerknes formula. Since, however, d'l is zero this determination 
gives at once the decrement of the wave-meter circuit at the 
desired frequency. 

Decrements and Frequencies for Circuits of Two Degrees of 
Freedom. — On page 84 it was shown that two natural oscilla- 
tions occur in a circuit of two degrees of freedom, such as that 
of a spark transmitter coupled to an antenna. If the primary 
and secondary are ''syntonized," that is if LiCi = L2C2 as in 
the equations of page 76 then the current in each circuit con- 
sists of two components, one of frequency above and the other 




Fig. 94. — Resonance curve for closely- 
coupled circuit. 



Fig. 95. — Components in double- 
peaked resonance curve. 



of frequency below that for which the circuits are separately 
tuned. To each fr^uency there corresponds of course a damp- 
ing constant. In case the coupling is close these two frequencies 
are widely separated. A resonance curve taken by coupling 
a wave meter loosely to either of the oscillating circuits wiU 
then be of the form shown in Fig. 94. For the case where the 
peaks are far apart each peak may be treated as a separate 
curve and the frequency and decrement of the corresponding 
oscillation may be determined by the methods previously 
described. 

If the peaks are fairly close together as in the full line curve 
of Fig. 96 such treatment is not justified, since both components 
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contribute to the effect in the wave meter. Some indications 
may, however, be obtained by making use of an approximate 
relation which exists between the currents in the primary and 
secondary circuits. In the case of one of the component oscilla- 
tions the current in the secondary is practically in phase with 
that in the primary, but for the other component the two currents 
are practically "180** out of phase* If then a current loop is 
introduced into each circuit as in Fig. 96 and if the wave meter 
is loosely coupled to these loops as shown, then either com- 
ponent oscillation may be balanced out so far as its ejffect on 
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FiQ. 96, — Wave meter circuit for 
analyzing Fig. 95. 




Fig. 97. — Resonance curve for trans- 
mitter with incomplete quenching. 



the wave meter. The adjustment is of course made by varying 
the coupling between the wave meter coils and either the primary 
or the secondary. The component thus balanced out may be 
introduced and the other component eliminated by reversing 
one of the coupling coils of the wave meter. The resonance 
curves for the separate components will then be of the form shown 
by the dotted curves of Fig. 95. 

In the case of quenched gap operation the resonance curve 
may show three peaks. In that event there should be one 
prominent peak corresponding to the frequency of the natural 
oscillations of the secondary after quenching has occurred in 
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the primary. Before quenching occurs the conditions are as 
discussed above. The more complete the quenching the smaller 
will be the energy corresponding to the oscillations of the circuit 
as one of two degrees of freedom, and hence the smaller the corre- 
sponding peaks in the resonance curve. A curve illustrating these 
conditions is shown in Fig. 97. 

Antenna Constants. — The constants of a given antenna may 
be found in several ways. The methods developed earlier in- 
volved the use in the antenna circuit of a spark gap by which 
oscillations were produced. These 
oscillations were then received in 
a wave-meter circuit. 

The most convenient methods 
today are those using some gen- 
erator of sustained oscillations, as 
for example, a vacuum-tube gen- 
erator. A current-measuring in- 
strument may be connected in the 
antenna circuit and the latter 
treated as a wave meter. Its res- 
onant frequency and decrement 

may then be determined by the usual methods. The scheme of 
connections using a thermo-couple X as in Fig. 98 may be thus 
employed. 

If Lo and Co are the effective inductance and capacity of the 
antenna, then its natural frequency, /o, is given by 




Fig. 98. — Circuit for measuring 
constants of antenna. 



/o = 



2TVL^i 



(71) 



The values of Lo and Co may then be found by introducing into 
the antenna a known amount of inductance Li or of capacity Ci. 
The resonant frequency will thus be changed. If the new value 
is /i then we have 



/i = 



2t\/(Lo + Li)Co 



(72) 
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or 



Where 



/', = T^= (73) 



1 =i- + -i 
C« Co Ci 



By eliminating LoCo from equations (71) and (72) the capacity 
Co is obtained as 

and by substitution in equation (71) Lo is of course obtained. 
Similar relations may be established with equation (73). 

In case, as sometimes happens, the inductance introduced 
into the antenna circuit by the coupling coil shown in Fig. 98 
is not negligible, then the conditions are represented by an equa- 
tion similar to (72) above. By adding more inductance, which 
must not be coupled to the generator, a new relation is obtained. 
From these two equations Co and Lo may be obtained and hence 
also /o by using equation (71). 

Antenna Loading. — ^It is usual to increase the wave length to 
which an antenna is tuned by loading. In, this case, as indicated 
by equation (72), series inductance is inserted. On the other 
hand, if it is desired to time to a wave length shorter than the 
natural wave length of the antenna it is necessary to load with 
series capacity as is indicated in equation (73). 

In the construction of transmitting or receiving sets it is neces- 
sary, then, to know in advance the range of wave lengths over 
which the set is to operate, the natural frequency of the antenna 
and its ejffective capacity. With this data it is possible to deter- 
mine by equations (72) or (73) above, the type and amoimt of 
loading for the antenna circuit which. the set must contain. 

When it is desired to utiUze an antenna for receiving at any 
wave length over a fairly large range without readjusting the 
loading, it is usual to load the antenna with resistance. In this 
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case the resistance is not directly inserted but is eflfectively in- 
serted, as may be seen from equation (58) of page 79, by coupling 
the receiving circuit very closely to the antenna. The resonance 
curve of the antenna is then much flattened out. Although the 
efficiency is reduced it is rendered nearly imiform over a large 
range of frequencies. A receiving circuit so connected is said 
to be in a "listening" or "standby" adjustment. 

Circuits Involving Vacuum Tubes. — The various "character- 
istics" of a vacuum tube have been discussed in Chapter III. 
From such static characteristics data is to be obtained as to 
conditions of current and voltages under which a given tube is 
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Fig. 99. — Plug and jack for connection of measuring instruments. 

to be operated in order to obtain a desired ejffect. Except 
therefore under conditions where economy of space and weight 
are of prime importance any installation involving vacuum 
tubes should provide ammeters and voltmeters of proper range 
for determining the values of the various direct currents and 
e.m.f.'s. The values for best operating conditions and the 
limits which should not be exceeded are usually specified by 
the manufacturer of the tube. Where measuring instruments 
are available it is always possible to obtain the characteristic 
curve of a tube in the set in which it is to operate. In case a 
set is not operating normally this method may be of great 
value in locating the fault. 

Where current measuring instruments are provided it is good 
practice to connect them into circuit through switches by which 
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the instruments may be short-circuited when not in actual use. 
A convenient form of switch for this purpose is furnished by the 
jack and plug of telegraph and telephone engineering. Thus 
Fig. 99 shows a jack with two points short-circuited and the 
plug by which an instrument may be inserted. If it is desired 
to make connections to a voltmeter then the circuit is connected 
to terminals a and b of the jack and terminal c is not used. 

In Chapters III, IV and VII it has been shown that the 
vacuum tube possesses a characteristic adaptable to a large 
variety of purposes. Thus it may act as an amplifier, that is, 
as a repeater. If its input and output are coupled it acts as a 
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Fig. 100. — Oscillating vacuum tube detector with feed back for amplification. 

generator. If its amplification is accompanied by distortion 
it acts as a detector or as a modulator. It may also be used as a 
rectifier or, as may be seen from a study of its characteristic, as 
an automatic current limiting device.^ Some of these operations 
may occur simultaneously, as for example, detection and am- 
plification, or generation and detection.^ 

In case a single tube performs two or more operations it is of 
course possible to arrange a circuit equivalent so far as these 

^ As for example in the circuit arrangement of Arnold, U. S. Patents 
Nos. 1,168,270 and 1,200,796. 

* As for example in some of the receiving circuits devised by DeForest; 
or c. f . the circuit of Fig. 100. 
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operations are concerned in which two or more tubes are in- 
volved, each, however, performing but one type of operation. 
Thus consider the circuit^ shown in Fig. 100 where there is a 
generation of high frequency oscillations, an amplification of 
the input from the antenna, a detection of the superimposed 
signal and heterodyne currents, and an amplification of the 
resulting audio-frequency beat note. For purposes of analysis 
and of quantitative laboratory experiment this circuit may be 
replaced by the circuit represented schematically in Fig. 101 
where Ai and A2 represent vacuum tube amplifiers of the im- 
pressed high frequency and of the audio-frequency beat note, 




Fig. 101.— Equivalent of Fig. 100. 

respectively, G represents a vacuum tube generator and D 
represents a vacuum tube detector. The rectangle in each 
case represents the vacuum tube and its associated apparatus. 

The circuit of Fig. 101 involves vastly more equipment than 
that of Fig. 100. It admits, however, of the use in each opera- 
tion of the tube and of the circuit best adapted for each purpose. 

Grid Circuit Condenser. — In vacuum tube circuits there is 
sometimes inserted a series condenser between the grid and the 
receiving circuit. Such a condenser is not necessary for operation 
as a detector if the various e.m.f .'s in the circuit are such as to 
bring the tube to the proper point on its characteristic curve. 
If, however, the grid is uncharged, that is if J?c is zero,^ then the 

^ Described by Armstrong c. f . "Some Recent Developments in the Audion 
Receiver." I.R.E. vol. 3, pp. 215-38, 1915. 
• For function of Ec see Figs. 25 and 27 and text of pp. 45-48. 
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tube may or may not operate efficiently, depending upon the 
form of its characteristic as determmed by its constants and 
by the values of I a and Ea. The introduction of the grid circuit 
condenser causes detector action by its blocking or trapping 
effect. Thus imagine that the first half wave of the input radio 
e.m.f. makes the grid negative with respect to the filament. 
This half wave of e.m.f. tends then to force electrons from grid 
to filament, but since electrons are not emitted by the grid, no 
transfer takes place. Making the grid negative reduces, how- 
ever, the current in the plate circuit. The succeeding half 
wave of the input tends to force electrons in the opposite direc- 



Fio. 103. — OBcillograniB of grid e.m.f. and plaf« current. 

tion, namely, from filament to grid and since this is the possible 
direction of transfer, such action occurs. The electrons so trans- 
ferred to the grid are, however, blocked in their passage through 
the wire circuit connecting grid and filament by the condenser. 
The result of this unilateral conductivity of the grid-filament 
circuit combined with the trapping action of the condenser is 
that the grid becomes more negative with each succeeding 
wave of the input e,m.f. and the current in the plate circuit 
decreases. If the e.m.f. consists of a train of waves as shown 
in Fig. 102 then the plate (i.e., so-called wing) current is as 
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shown- in the oscillogram.' The audio-frequency current in a 
receiver connected in the plate circuit, is as shown' in the bottom 
curve of the figure. It is evident that between one train of 
waves and the next the trapped negative charge on the grid 
must be allowed to leak off. For tubes with some gas or with a 
leaky condenser the grid gradually returns to its normal con- 
dition. To provide such a leak in the case of vacuum tubes 
it is usual to connect a resistance of several hundred thousand 
ohms either across the condenser or 
directly from grid to filament.* 

It is now evident that if no con- 
ducting path is offered from a grid 
to its filament, that is if the grid 
is "floating," it may "pick up" a 
negative charge. It is also evident 
that an excessive negative charge 
occasioned, for example, by atmos- 
pheric disturbances may make the 
f grid so negative as to render the 
tube inoperative for an appreciable 
time. 
Magnetic Amplifier. — One of the obvious methods for the 
modulation of a current by a second source of current is illus- 
trated by the dependence in a generator of its terminal voltage, 
and hence, other things being equal, of its output current upon 
its field excitation. If the variations in the field are to be of the 
frequency of the human voice, as would be necessary in an 
amplifier of telephone currents or in a modulator for wireless 
telephony, the losses due to hysteresis and eddy currents in the 
iron core become prohibitively large.' As the reader, who is 
familiar with power engineering, already knows the output 

' Reproduced from the paper of Armstrong, (1. c.) who first published the 
explanation of the phenomena under discussion. 

' The time required for a condenser to lealt off a given portioa of its 
charge may be found by applying the methods of Chap. V. 
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voltage of an alternator is extremely sensitive to the character 
of the load connected to it and to the amount of current supplied. 
It is further evident that if the load is inductive variations in 
the terminal e.m.f . of the alternator may be occasioned by vary- 
ing the inductance. This variation may be accomplished by 
varying the permeability of the iron.^ 

The development from these more or less well-known principles 
of a complete and efficient system for the modulation of large 
power outputs of high frequency alternators by audio-frequencies 
was accomplished by Alexanderson.^ The circuit which he 
devised is shown in Fig. 104. A high frequency alternator 
is connected directly into the tuned antenna circuit. Shunting 
this alternator is his magnetic amplifier. The alternator used 
in the tests which the inventor reports is shown with its motor 
drive and gearing in Fig. 103. The magnetic amplifier is 
shown in Fig. 106. 

Returning to Fig. 104 it is seen that the alternator is shunted 
by a circuit containing a condenser C in series with an iron cored 
inductance which has two parallel and opposite windings. 
These windings are made open circuits so far as audio-frequencies 
are concerned by the introduction of two condensers, C, of 
small impedance to radio-frequencies. This prevents the circu- 
lation in the windings Wi and W2 of any audio-frequency current 
induced by winding W3 the effect of which would be to oppose 
the changes in flux which W3 is to accomplish. To the winding 
Ws is supplied the audio-frequency with which it is desired to 
produce modulations in the e.m.f. supplied by the alternator to 
the antenna. The series condenser C is chosen to neutralize 
the inductance of Wi and Wi (for some definite value of the 
direct current in Wz) and results in a greater sensitiveness in 

^ The method of producing a double frequency current from iron core 
transformers as described on page 100, is an example of the principle in- 
volved in varying the permeability. 

*cf. Alexanderson: "A Magnetic Amplifier for Radio Telephony" 
Proc, I. R. E., vol., 4, pp. 101-120, 1916. 
10 
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the control of the alternator output e.m.f. In the final fonn 
described by the inventor there is added in ahunf with the circuits 
W\C' and TTtC' another condenBer (not shown in the figure 
under discussion). With this condenser the normal or average 
e.ni.f. impressed on the antenna is increased and the alternator 
ia used to better advantage. 



Fio. 105. — AlextmdersoD maenetic amplifier. 

Audibili^.— In the early days of the wireless art the need of a 
unit for measuring the intensity of received signals became 
apparent. The term "audibihty factor" was introduced and . 
is in common use today. This factor is defined as "the ratio 
of the telephone current producing the received s%nals to that 
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producing the least audible signal at the given audio-frequency." 
Thus in Fig. 106 the audibility of the signals received in the 
telephone is found by shunting across the receiver a non-inductive 
resistance S and reducing this resistance until the intensity of 
the signals just permits a dijfferentiation on the part of the listener 
between dots and dashes. Then 

, _ actual telephone current _ Zt + S 
least audible current "" S 

upon the assumption that the introduction of the shunt does not 
alter the audio-frequency current delivered by the detector. 
This condition is not always met in actual practice, particularly 
when using crystal detectors. 

A further and more unwarranted assumption of common 
practice is to write Zt = Rt neglecting the reactance and the 
motional impedance of the telephone receiver. 

The audibility is then taken as A = — ^-^ — • 

To the student who is familiar with the 
characteristics, of the telephone receiver as ~ loe— r* • 
described in Chapter II, it is evident that measuring audibility, 
widely different results may be obtained by 
the same observer if two sets of observations are made with two 
different receivers. In addition, the estimate depends upon the 
observer and upon physiological and psychological factors which 
are variable and indeterminate even for the same observer. The 
value of audibility determinations is therefore very small. 

Accurate comparisons may, however, be made by the method 
of page 52. By using continuous wave generators such as the 
oscillating vacuum tube in connection with sensitive current 
measuring instruments, standards may now be constructed which 
were impossible in the earlier days of the art. No common 
agreement, however, as to a standard has, as yet; been reached. 

Typical Transmitting Sets. — Figs. 107, 108 and 109 show in 
diagram the wiring connections for typical transmitting sets of 
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three types, namely synchronous rotary spark gap, quenched gap 
and Poulsen arc. 




Fig. 107. — Typical synchronous rotary-gap transmitter. 

In the case of the spark sets of Figs. 107 and 108 the alternator 
ACG supplies current to a transformer T of large magnetic 
leakage.^ The transmitting key operates a relay K making or 
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Fig. 108. — Typical quenched-gap transmitter. 

breaking the circuit through the primary of the transformer. 

^ Consider the T equivalent of a transformer as developed on page 87. 
If there is large magnetic leakage the series inductances La and Lb are large 
and hence offer choking inductance to the currents in the primary and 
secondary. 
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In Fig. 107 the relay points are shunted by a resistance R to 
avoid excessive sparking. In this circuit additional choking 
inductance, L, has been added in the secondary. This still 
further reduces the coupling between the alternator and the 
spark gap circuit. In each circuit a safety spark gap /S(? appears 
which is set to break down at a voltage slightly higher than the 
normal operating voltage of the transmitting gap. A hot wire 
ammeter Am may be included in the closed circuit, but the 
test of the radiation is the reading of HWA in the antenna 
circuit. The antenna loading coil Lq may be set for fixed values 

A. 
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Fig. 109. — Typical Poulsen arc circuit. 
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as in Fig. 108 or may be more nearly continuous in its adjustment 
as in Fig. 107. Both primary and antenna circuits are grounded 
as shown at Gr* 

In the arc set of Fig. 109 the generator DCG supplies current 
to the arc through protective choke coils, LL and a regulating 
resistance iZs. Fuses or a circuit breaker are installed at F. 
The arc is direct connected to the antenna through the loading 
coil Lq. In starting the arc, the electrodes are brought into 
contact and the arc struck at reduced voltage. The voltage and 
the arc length are then increased to the optimum value as 
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indicated by the hot wire ammeter HWA. Because the arc 
once struck must be maintained during transmission, the control 
can not be accomplished by a key or relay in the supply current 
circuit as in the preceding cases. The method, then, is to alter 
the wave length which is transmitted by short-circuiting some 
of the turns of the antenna loading. There is thus transmitted 
one wave length for dashes and dots and a different wave length 
during the time intervening between these signals. The dif- 
ference may be only a matter of 100 meters in say 6000 cor- 
responding to a frequency difference of about a thousand cycles. 
In tuning for a Poulsen arc station one may therefore pass 
through a position of tuning where the so-called "back stroke'' 
or "compensation wave" is received. 

Receiving Sets. — In the design of a receiving set provision 
must be made for loading the antenna so as to cover a large 
range of wave lengths without sacrificing sensitiveness. Beyond 
these common requirements commercial sets differ widely, first 
in the choice of a detector and second in the detector circuit. 
For ship to ship, or shore, communication with spark sets over 
short ranges a crystal detector may be used. For continuous 
wave detection a tikker or a tone wheel or the vacuum tube 
may be used. In the latter case the tube may be used with a 
separate source of current for heterodyne receiving or as an oscil- 
lating tube. If the oscillating tube is used the "feed back" 
may be either through conductive, inductive, or capacity 
coupling. 

The variations in the inductance loading of the antenna 
may be occasioned solely by steps of various sizes or in part by 
a variometer. The coupUrig, if inductive, between the antenna 
and the detector circuit may be varied by rotating or sliding 
coils or by varying the portions of the inductance in either circuit, 
which are in a mutually inductive relation, and at the same time 
compensating by increasing the loading inductance in each 
circuit. 

Relays may be provided for automatically protecting portions 
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of the receiving set when the antenna switch is changed from 
the receiving to the sending position. Resistances for varying 
the current to the detector, and ammeters for measuring such 
current may be included. A test buzzer circuit coupled to part 
of the antenna inductance is sometimes provided. Provision 
is also usually made for a ''stand by" adjustment. 

The type of service for which the set is designed, e.g., ship or 
shore stations, commercial or military service, and the various 
types of the latter, determine or rather limit the design in weight 
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Fig. 110. — Vacuum-tube receiver. 

and size, sharpness of tuning and sensitiveness. No attempt 
will therefore be made to cover the various sets that are in use 
today, but instead an illustration will be given of a possible 
set from which the fundamental principle may be seen. Thus 
consider Fig. 110. 

The antenna loading for short wave lengths consists of two 
condensers, Ci and C2, either one or both of which may be 
in circuit. The antenna loading for the middle range of wave 
length consists of two inductance units, Li and L2, which are 
variable by steps, one step of Li being a bit less than the total 
of the steps into which Lz is divided. Finer variations may be 
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accomplished by a variometer, L. For the longer wave lengths 
a fixed inductance L© about equal to the maximum value of Li 
is added. Switches of convenient form for cutting Lq into and 
out of circuit and also for introducing Ci and C2 are provided 
but not shown in the sketch. The inductance Li is inductively 
coupled to an inductance L'l in the detector circuit. The 
inductance in the latter circuit consists of the inductance L\ 
which is variable by steps and a loading inductance L'o. The 
coupling between coils Li and L'l is adjustable. The tuning 
condenser C is variable and the total capacity of the detector 
circuit may be made variable to almost twice the maximum 
value of C by adding C in parallel. A coil N^ inserted in the 
detector circuit is coupled to a similar coil iV'' in the output of 
the detector. An e.m.f. of Ec adjustable by a potentiometer P 
may be impressed on the grid of ihe vacuum tube. A re- 
sistance and an ammeter are inserted in the filament circuit. 
The e.m.f. Eb is adjustable and an ammeter is provided to record 
the direct current in the plate circuit. The receiver may be 
connected to the plate circuit by a transformer T which may be 
shunted by a small capacity. 

The set of Fig. 110 is complete and the different constants may 
be varied without large interactions. It may be simplified 
as conditions warrant. Thus, if but a Umited range of wave 
lengths is to be covered, the loading Lo, Ci, C2, L'o and the con- 
denser C may be omitted. If extreme sharpness of tuning is 
not required the variometer L may be omitted. The e.m.f.'s 
Ec and Eb may be given fixed values corresponding to the 
average requirements of the tubes to be used with the set. The 
feed back coil N'^ may be coupled directly to L'l and the coil JV' 
thus omitted. The e.m.f. Ec may be omitted entirely or a series 
grid condenser may be substituted for it. 

Multiplex Telegraphy. — It will be remembered that the sharp- 
ness of the resonance curve obtained by a wave meter is limited 
by the sum of two decrements, namely that of the impressed 
e.m.f. and that of its own circuit. The same conditions hold of 
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course for a receiver and a transmitter. Sharpness of tuning 
and hence the possibiUty of discriminating at the receiver be- 
tween two impressed wave trains is therefore greater for sustained 
waves than for damped waves. This increased ability to dis- 
criminate between wave trains of different frequencies means 
not only greater freedom from interference than was possible., 
in the earlier days of the art, when damped waves were more 
generally used, but also increased possibilities for the selective, 
and hence useful, reception simultaneously of two or more wave 
trains of different frequency. Antenna circuits for such multi- 
plex receiving have been described in the literature of the art 
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Fio. 111. — Antenna for multiplex telegraphy. 



from time to time. The basic principle seems to have been the 
connection to the antenna of two receiving sets in parallel and 
the adjustment of these to different wave lengths. A typical 
form is shown in Fig. Ill where branches I and II of the antenna 
are tuned to different frequencies and coupled to independent 
receiving circuits. Similar antenna circuits for multiplex 
transmission have also been suggested. 

In multiplex systems of the type described above electro- 
magnetic waves of- different frequencies are simultaneously 
transmitted from a single antenna and received by a single 
antenna. The discrimination or selectivity is accomplished at 
radio-frequency. Systems in which this selectivity is accom- 
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plished at audio-frequency have also been suggested. In such a 
system the transmitting antenna is excited by two transmitting 
systems using the same high frequency but having different 
tone frequencies. The reception is then accomplished with a 
single antenna and a single detector system but the output of 
Ihe detector is selectively received in two tuned audio-frequency 
circuits.^ 

It is evident that the branched antenna of Fig. Ill may also 
be used for duplex telegraphy, that is for simultaneous operation 
as a receiving and a transmitting antenna, by replacing one of 
the receiving sets by a transmitter. The difficulties in the 
way of duplex telegraphy lie largely in the enormous differences 
between the energy in a transmitting circuit and that in a 
receiving circuit. Thus for long distance operation, e.g., trans- 
atlantic, the transmitting circuit must carry a hundred or more 
amperes while the receiving circuit may be carrying a current 
so small that after detection it must be amplified to be audible 
in the receiver. The coupling or interaction of the transmitting 
branch on the receiving branch must therefore be reduced to 
an essentially impractical minimum. The method usually 
adopted therefore is to use separate transmitting and receiving 
antennae, to locate them a few miles apart, to extend circuits 
from the relays in the transmitting station to keys in the receiv- 
ing station and thus to operate by "remote control." Under 
these conditions the receiving antenna is usually lower and of 
cheaper construction so that the total cost of the aerial plant is 
much less than twice that of the transmitting antenna. 

Secrecy Systems. — ^AppUcations of the principles involved in 
multiplex telegraphy have been suggested from time to time 
as a solution of the disadvantage in wireless transmission that 
the signals transmitted are essentially ''broadcasted.'' Methods 
of this sort, involving the use either simultaneously or in pre- 
scribed orders of two or more frequencies, where the prescribed 

* As for example in the experiments using "tone transmitters" carried 
out in 1910 by the Telefunken Co. 
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order is not in itself in the nature of a code, need only delay 
the success of an eavesdropper equipped with proper apparatus. 
The actual destruction of intelligibility, where such destruction 
is controlled at the sending end and where the intelligibility is 
reconstructed by apparatus at the receiving end, is open to the 
same objection, namely, that what one piece of apparatus will do 
for the legitimate listener a similar piece will accomplish for the 
eavesdropper. In times of war, however, or for commercial 
messages, a combination of such a mechanical system and a 
predetermined code for variations may easily be made effective 
for short messages. Even if an enemy station was provided 
with identical apparatus the time required before the proper 
adjustment was obtained might 
suffice and be of vital importance. ^^^ 

Direction Finding. — The method \ 
by which groups of amateurs some- \ 
times locate a new station approxi- \ 
mately by comparing the intensity 3} 
of the received signals at their 
several separate st^^tions is simple 
and practical within limits. It as- ^°- 112.— To determine posiUon 

- 1 /v» • . 1. of a moving receiver. 

sumes, of course, equal efficiencies of 

reception and a uniform attenuation of the observed signal in 
its transmission in different directions. Conversely a given 
station might obtain a very approximate idea of its own loca- 
tion by comparing the intensities of the signals received from 
several similar stations of known location. More accurate de- 
terminations may be made if each of the latter stations is so 
arranged as to transmit most efficiently in a given direction. 
Thus consider the stations indicated in Fig. 112 where X is a 
station of unknown position, e.g., a boat or aeroplane. The 
stations of known location are grouped at a single point A but 
are directive in their transmission. Hence if they send one 
after the other in a prescribed rotation the line of direction from 
A to X wiU correspond to the direction of transmission of the 
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station whose signals are loudest at X. If a second group of 
directive transmitters are at B the location of X is of course 
determined by simple triangulation. 

Directive Transmitters. — The simplest form of directive trans- 
mitter consists of two antennae Ai and A 2 separated by a 
distance d as in Fig. 113. The currents in the two antennae are 
from the same source but are out of phase. Let the current in 
Ai be I^^""^^ and that in A 2 be 7e^("' + ^\ At some point pi 
distant X along the line A1A2 the effect^ of antenna Ai will be 

Kle ^ ^ '^ and that of antenna A 2 will be Kle ^ ^ ^ 

Let the phase 6 and the distance d be so chosen that at pi the 



X 
X 



\ ^-i' 







'.*--Ar--*| 

Fig. 113. — Directive transmitting Fig. 114. — Typical direction-in- 
with two antennse. tensity characteristic for system of 

Fig. 113. 

effects of the two antennae neutralize. Then a difference 
in phase of t must exist between the two effects. Hence 

±ir + (o)t + -^j = [o)t + e + — -Y^) 

and 

z. . 27rd ^ . 27rd 

± TT = ^ + ^— or ^ = TT ± -r- 

Along the line Aipi there will then be no transmission. Substi- 
tutions of this value of d and of negative values of X, gives the 
effect in the opposite direction. 

For any other direction the effect of each antenna may 
then be obtained in terms of the angle <pj shown in the figure, 
by writing (X + d cos <p) for (X + d) in the above expressions. 

^ In this connection see the development of the wave equation of p. 112. 
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If for each value of the angle tp there is plotted the resultant 
effect of the two antenniae a curve of the general form of 
Fig. 114 is obtained. The direction corresponding to the max- 
imum is not necessarily Aip2 but depends upon the value of 

r-. This general method may be applied to determine the direc- 
tive effect of any combination of antennae. 

Bellini-Tosi Directive System. — In the system of Bellini and 
Tosi two inclined vertical antennae Ai and A 2 as in Fig. 115 are 
excited from a common tuned source S of such frequency that 
the currents in the two verticals are 
180° out of phase. To provide for 
varying the direction of the maximum 
transmission, which is in the plane of 
the two antennae, the inventors pro- 
vide a second pair of antennae the 
plane of which is at right angles to 
that of the first pair. The coupling 
coil M of one pair is then at right 
angles to that of the other pair. The 
coupling coil N of the source is ar- 
ranged to rotate so that in one posi- 
tion it will have zero coupling with 
one pair of antennae and a maximum 
with the other pair. In rotating this 
coil through 90° the excitation of the 

two directive systems is varied from a maximum for one system 
(through a 45° position of equal excitation) to a maximum for 
the other system. The direction of the electro-magnetic distur- 
bance transmitted from the combined systems is thus variable 
at will. 

The apparatus is similarly applied to directive receiving 
in which case the rotating coil is connected to a receiving set. 
The position of the coil when the received signals are loudest will 
then indicate the line of direction of the distant source. In this 
form the system constitutes a *' radio-goniometer." 




nnnnnn'v^ 



Fig. 115. — Bellini-Tosi direc- 
tion system. 
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Marconi Directive System. — The Marconi CJompany uses an 
antenna of the inverted L type with a horizontal portion of 
length one or two-fifths of the wave length transmitted. With 
this they find that the transmission is greatest in the direction 
opposite to that in which the horizontal portion extends away 
from the vertical portion. The relations for receiving and 
transmitting are reciprocal so that if two stations are established 
with the horizontal antenna at each station pointing away from 
the other station then they are in the best position for the 
interchange of signals. 

Ground Antenna.-^There has been some use made of long 
low antennae which are practically long horizontal portions laid 
out along the ground. In general the receiving apparatus is 
located at the middle point. Such antennse sometimes give 
surprisingly strong signals although they are not in general as 
efficient as the usual forms with high verticals. The electric 
force acting on an antenna was seen on page 114 to be vertical 
at the earth's surface, that is normal to the conducting plane 
formed by the earth's surface. In the case of a dry or poorly 
conducting layer on the surface of the earth the really effective 
conducting layer may be well below the surface at the location 
of the receiving antenna and inclined to it. With reference 
to that layer the horizontal ground antenna would be an in- 
cUned vertical. The action and possibiUties of ground antennae 
cannot therefore be foretold. The problem they present awaits 
further data. For the purposes of very temporary instaUa- 
tions of receiving equipment they offer the advantage of simple 
construction and low cost and for military pm'poses the additional 
advantage of "low visibility." By the use of amplifiers the signals 
may be easily increased in intensity to any desired value. 

Atmospheric Disturbances. — One of the most serious problems 
confronting the wireless engineer is that of reducing the effect 
of the interference at a receiving station of so-called "static" 
or atmospheric disturbances. The two general methods of 
increasing the discrimination between signals and static are (1) 
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to increase the output of the transmitting statioa and thus to 
increase the intensity of the received signals in comparison with 
the received static and (2) to design the receiving apparatus so 
that it will be selective to the transmitted signals as against the 
static. Along the line of the second method there have appeared 
from time to time in the literature of the art descriptions of 
devices and circuit arrangements for such a discriminatory- 
selection. 

To the student who is familiar with Chapter V it is evident 
that any e.m.f . active in an antenna will produce a forced current 
and a transient current. The former will depend for its value 
upon the impedance which the circuit offers to an e.m.f. of the 
wave form of that impressed, and the latter will depend upon the 
frequency constants of the antenna and upon the value of the 
forced current. 

In a given antenna there is active at any instant an e.m.f. 
which is the sum or resultant of all those electromagnetic dis- 
turbances, occurring anywhere in the universe, which in their 
propagation through the ether have reached the antenna at the 
instant considered. In so far as this resultant e.m.f. from" 
instant to instant undergoes variations periodic with the fre- 
quency of the antenna system it will give rise to a forced current 
of the same frequency as the transmitted wave trains. Since 
the causes of these static disturbances are infinite in number 
the e.m.f. impressed by the static may from time to time have 
characteristics of periodicities extending over a wide range of 
frequencies. The sharper the tuning the more limited the range 
of frequencies which will produce maximum effects in the antenna 
and hence in general the greater discrimination against static. 

Of the various methods which have as yet been published 
none seem to have stood the test of time. So far as appears from 
periodical literature the most eflScient method seems to be the 
simplest, namely, sharp tuning and loose coupling, the forma- 
tion of signals by trains of continuous waves and their heterodyne 
detection in an efficient vacuum tube circuit. 
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TRANSMISSION OVER WIRE CIRCUITS 

Transmission over Wire Circuits. — Transmission over wire 
circuits whether telephonic or telegraphic may be considered as 
a special case of the general problem of the transmission of elec- 
tromagnetic distm'bances. In the case of transmission over wires 
the propagation of the disturbance created at the sending end is 
guided and restricted by the wires. Instead, therefore, of the 
disturbance being attenuated by spreading out in all directions 
from the source as well as by dissipation of energy in the medium 
between the two stations as is the case in wireless transmission, 
the attenuation in wire transmission is dependent solely upon the 
character of the wire circuits. As we shall see, the attenuation is 
easily predetermined when the type of circuit is known. 

Waves in Wire Circuits. — ^An expression was developed in 
Chapter VII for the disturbance in the ether at a distance X from 
the source, when the source is an alternating-current generator. 
This expression is KA sin {(at— X/V) where co is 2t times the fre- 
quency, V is the velocity with which disturbances are transmitted 
in the ether, A is the maximum ampUtude of the disturbance and 
K is the attenuation factor. In the case of wireless transmission 
as has been noted this factor depends in a complicated manner on 
the distance, the wave length, the atmospheric and ground con- 
ditions. It can be determined only by a series of measurements 
for each set of conditions as was done by Austin for the case of 
transmission over sea water. 

For the case of a wire circuit K is €""*** where a is a constant 
for each type of line and for each given frequency. That this is so 
may be seen by considering the pure resistance line of Fig. 116. 

160 
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This line is composed of a wire 0(y between which and the return 
wire MM' there are uniformily spaced leakage paths. The wire 
00' is composed of small resistances, r, in series. The wire MM\ 
which may be the ground, is taken for simpUcity as of negUgible 
resistance. The leakage paths, which may be thought of as 
existing at the insulators in the case of an actual Une, have each 
a resistance of /. Now it is evident that of the current i flowing 
in one of the series elements, r, a certain part will be diverted by 
the next shimt element or leakage path. Hence the current flow- 
ing in any section of the hne 00' is always less than that in the 
preceding section. If the Une is assumed to be essentially in- 
finite in length this attenuation of the current will result in a 
zero value of current at the infinitely distant terminal. For 
this length of Une the distant terminal apparatus, since it gets 

Fio. 116. — Transmission line with lumped resistance and conductance. 

no current, can have no effect on the distribution of current 
among the series and shunt elements, r and / respectively. Since 
these elements are aUke for aU sections, it foUows that each shunt 
element wiU divert the same fractional part of the current flow- 
ing in the preceding series element. The current then in any 
series element is always the same fractional part of the current 
in the preceding series element. Let this fraction be q and count 
sections from the sending end. If the current in the first section 
has an ampUtude of 7, that in the second section wiU have an 
ampUtude of gJ, that in the third section of g^Z, i.e. g^"^/. Hence 
the current in the (n+ 1) section will be g*/. 

Since g is a fraction less than unity it may be represented as 
€" ". If the length of Une in a section is taken as unity, that is 

if the distance x from the first section to the section under con- 
11 
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sideration is n (e.g. n miles if each section of Une is 1 mile) then 
the amplitude of the current may be written 

(e7«)»/ = €-«»/ = €— '7. 

The expression for the current ix at a point distant x from the 
sending end may then be written as z, = /«"** sin (o)t — fix), as 
wiU be seen by substituting in the expression for the propagation 
of a periodic disturbance the value of KA just obtained and also 
writing /5 for 1/V. The constants a and /3 may be determined 
in terms of the ^impedances of the series and shunt elements of 
the Une as will be seen later. 

For the moment attention should be directed to the uses of 
the above expression. Upon substitution of any desired value 
of X the expression shows the manner in which the current at that 
point varies as time progresses. Similarly, upon substitution of 
any desired value of t, the expression shows how the currents 
which are flowing at that particular instant at various points 
along the line depend upon the position of these points. Thus 
let t have such a value that cot is some multiple of 2t, then 

sin {<at — jSx) = sin ( — fix) = — sin /3a; 

and the current at a distance x is 

i, = — /€"«' sin fix. (1) 

This is the equation of a damped sinusoid similar to the full line 
curve of Fig. 73 of page 112 except for the minus sign (that 
means for Fig. 73 A is negative). 

The dotted curve of Fig. 73 represents the various currents at 
an instant later by about one-twelfth of a period of the alter- 
nating source. For the dotted curve the relation is then 

i', = - /€-«« sin (ir/6 - /Sx) (2) 

Exponential Expression for Wave Motion. — On page 63 in 
connection with Fig. 36 it was seen that an expression of the 
form ilo€~*V**' represents a sinusoidal current which damps 
down as time progresses. In that case the damped sinusoid 
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shown on the right-hand side of Kg. 36 is plotted against time 
and the constantly decreasing vector shown on the left rotates 
with an angular speed of « radians per second. The rotating 
vector makes one complete revolution in a cycle of the plotted 
sine curve. It is also possible to represent the damped sinusoid 
shown by the full line of Fig. 73 by a rotating and decreasing 
vector provided that the vector makes one revolution for each 
cycle of the sine curve. In this case the vector rotates through 
an angle which increases as the distance x increases. For the 
equation of the full line curve it is possible to write then 

and for the dotted curve 

i'. = U-<^^-i<fi^/^) (4) 

Of the two equations above, (3) is for the instant of time when 
w< is some multiple of 2t and (4) is for the case when (at is 7r/6 
greater than for the preceding case. In general then it is possi- 
ble to represent the current at a point distant x from the sending 
end by the expression 

or 

U = /€-«*->'^*€^«« (5) 

This expression for the disturbance propagated from an alterna- 
ting source will be found to be perfectly general and especially 
convenient when rates of change are imder discussion. 

Space Rates and Time Rates. — Up to this point we have been 
concerned only with those variations in current or e.m.f. which 
as time progresses occur at a particular point in space. It is 
obvious, however, that in discussing the propagation of a periodic 
disturbance we are concerned with values of current and e.m.f. 
that vary as we turn our attention from one point to another 
along the line of propagation. Just as the symbol p was used to 
indicate the "time rate of change of" the quantity to which it is 
prefixed, so we may use the symbol D to represent the "space 
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rate of change" or in other words the rate at which the quantity 
to which D is prefixed varies with respect to space, i.e., distance. 
Consider now the current 

then 

= jcoix (6) 

and 

= (7e^«0(- [a+j0]€-(«+^^>*) , 

= - (« + i/3)tx (7) 

Lumped and Uniformly Distributed Lines. — ^In the line of Fig. 
116 the series and shunt elements were treated as though the re- 
sistance and leakage of each section were locaUzed or lumped into 
the resistances r and r'. In actual lines, however, these resist- 
ances are distributed, that is each small length of Une, no matter 
how small, has some resistance and between it and the other wire 
there is some leakage. Also each Uttle length of wire has some 
inductance and between it and the other wire there is some ca- 
pacity. In actual Unes, therefore, although the resistance and in- 
ductance may be and usually are jexpressed as a number of ohms 
and henries per mile it is necessary to remember that these quan- 
tities are uniformly distributed along each mile of length. 

As to the capacity, it is evident that if between 1 inch of one 
wire and the other wire there is a certain capacity, then for 2 
inches of wire there will be twice the capacity. The distributed 
capacity also may be expressed as a certain niunber of farads 
per mile. As to the leakage resistance, however, a different pro- 
cedure is necessary since two leakage paths in parallel will offer 
only half the resistance that each alone would. It is convenient 
then to use the idea of conductivity as defined in Chapter I. 
Thus the leakage current across one path is the product of the 
voltage and the conductivity. The conductivity of two such 
paths is twice that of a single path since for the same voltage the: 
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current would be twice as much. It is usual therefore in describ- 
ing a wire circuit to express the conductivity as so many "mhos'' 
per mile and to consider that it is uniformly distributed. Of 
course, in actual Unes the conductivity is largely located at the 
insulators, but since there may be forty or more such points per 
mile and since the conductivity is in general small, the assumption 
of uniform distribution is suificiently exact. In cable circuits 
the conductivity is actually uniformly distributed but is usually 
negligibly small. 

When the circuit is formed by two wires, instead of by one 
wire and the ground, it is usual to express 
the constants of the circuit per loop (i.e., ^^qpppi^^-JJMfJ^ 
per circuit) mile. j^p*^ j>, 

Space Rates for Uniformly Distributed 




Lines. — Consider the series circuit of Fig. fiq. ii7.— Series cir- 
1 17. The e.m.f . required to force a current ^uit of one section of line 
i through the circuit is iZ where Z is the ° ^' 
impedance. For the case shown Z is symboUcally equal to 
{R + Lp) and hence v = Zi = {B + Lp)i. In passing through 
this impedance from a to & there is a drop in voltage equal of 
course to Zi or {B + Lp)i. This is the change in voltage in going 
from a to &. 

Now consider the circuit of -Fig. 118 which represents a wire 
circuit. In going from a to & there is a change in voltage of 
{B + Lp)i. Similarly in going from a' to V the change in voltage 
is {B + Lp)i\ In general in passing through the impedance of 
each series element of the line there is a change in voltage of Zi 
or {B + Lp)i where B and L are the constants per section of the 
line, and i is the current in the section. 

Just as the time rate of change of a voltage means the change 
in voltage per unit of time, so the space rate of change of voltage 
means the change per unit of length. Let the unit of length be 
the length of a section of the line, then in the series portion of the 
line the space rate of change of voltage, i.e. Dv, is Zi, in general, 
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or is (iZ + Iyp)i for the tjrpe of line shown in Fig. 118,^ Of course 
if the circuit is one of uniformly distributed constants then the 
actual geographical length of each section is infinitesimally small. 
Considering still Fig. 118 it is evident that in going from 6 to a^ 
or from V to a" there is a change in current due to the leakage 
conductance G and the condenser C. The change in current per 
section, that is the rate of change of current, Di, is then the 
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Fig. 118. — Transmission line with lumped L, R, C, and G. 

current which passes through this shimt path. The current 
passing through the leakage path is vV or v*^G or of the general 
form vG. Similarly the current through the condenser is Cpv, 
The total change in current is then (G + Cp)v. 

At any point therefore of an uniformly distributed circuit, as 
represented in Fig. 119, the voltage v across the circuit and the 
_^ current i flowing in the circuit are 
related by the following equations: 
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Fig. 119. — Uniformly distrib- 
uted line. 



Dt; = - Zf = - (/2 + Lv)i (8)1 
Dt = - Z'v =-((? + Cv)v (9)1 

The current i and the voltage t; at A 
have been propagated from the sending 
end and hence are of the form given by 



equation (5). Thus 



(5") 
(10) 



* If increase is considered positive, then decrease is negative Since the 
voltage and current decrease, as % increases, a minus sign should be inserted 
as in equations (8) and (9). 
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where x is the distance from the sending end of the line and E and 
/ are the maximum amplitudes of the voltage and current re- 
spectively and, hence, are the maximum voltage and current out- 
puts of the alternating source at the sending end. 

Impedance of a Transmission Line. — Finding the rates of 
change entering into equations (8) and (9) after the manner of 
equations (6) and (7) and substituting we have 

- {ct +jp)v ^ - Zi = - (ft + iLco)f (80 

- (a +jfi)i = - Z't; = - ((? + jCcc)v (90 

From these equations we may now determine v/i, that is the ratio, 

at any point of an infinitely long circuit, of the voltage impressed 

across the line and the resulting current. Thus divide equation 

(80 by (90 giving 

V Zi v^ Z 



i ^ Z'v ^^ i« ~ Z' 



whence 



It is important to note that this impedance is the same for all 
points of the line. It is therefore called the "characteristic 
impedance'' or preferably the "iterative impedance.'' It is also 
evident that since 22, L, (?, and C enter as a fraction, it is imma- 
terial in determining this impedance for what common imit of 
length they are specified. 

Propagation Constant of Transmission Line. — In obtaining 
equation (11) we eliminated (a+ij8). To determine this quan- 
tity, which is called the propagation constant of the line, we 
multiply equations (80 and (90 giving 

' (a + jff)2 = ZZ' = (iJ + iLco)(G + iCco) 
whence « 



^ = (a + j/3) = VZZ' = V(/e+iLco)((?+iCco) (12) 

It is to be noted that in equations (5'0 and (10) the propagation 
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constant is multiplied by the distance x, hence the line constants 
Rj L, G, and C must be for the same imit of length as is used in 
stating this distance. To determine the components of 7, 
namely, a the attenuation constant and jS the velocity constant, 
we write 

(a + 3&y = a' + 2ia/3 - fi^ = RG - LCca^ +j(LG(a + RCo)) 

hence 

a2-^2 = RG -LCca^ (13) 

and 

2afi = (LG + RC)o) (14) 

From equations (13) and (14) both a and fi may be determined. 
Certain special cases will now be considered. 

Transmission in Twisted-pair Cable Circuits. — For cable cir- 
cuits the leakage G is negUgible and the inductance is also prac- 
tically neghgible since the two wires of the circuit are twisted 
together so that the inductance field of one wire practically 
neutraUzes that of the other. Hence putting L ^ and G = O 
in equations (13) and (14) gives 

a^ - /32 = (130 

2afi = RCca (14') 

whence 

or 

4a^ = 52(72^2 



a=± ^^ (15) 

Of these two values for a only the positive value has a physical 
significance since in e""'*' a positive value of a means an attenua- 
tion or reduction of available energy with distance. Solving for 
jS gives i3 = a. Hence for this case 

7 = (1 + ii)^/^ (16) 
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Equivalent Circuits. — The iterative impedance and the propa- 
gation constant of a distributed line both depend upon the fre- 
quency of the impressed disturbance. For any given frequency 
it is possible to replace any desired length of the distributed line 
by properly selected liunped impedances. Thus let it be desired 
to replace a length d by a T-network as shown in Fig. 120. 
For the frequency assumed this network must be equivalent in 
impedance and in propagation to the 
length d of the Une which it replaces. Let 
the values of the impedances forming the 
net-work be Za and Zh as sho\YDi and let 
the voltages and currents at A and B be i« </ ^ 

.X, u and r„ i, respectively. Then the ^"1; ra^^^^^rnt"' 
conditions to be met in selecting Za and 
Zb are 

?? = *j = e-r" (17) 

t' = Zo (18) 

To solve for Za and Zi, write the equations for the voltage in each 
branch in the same manner as for Fig. 41 page 75. Then 

vi - iiZa - iiZt, + iiZi = • (19) 

»2 - iiZb + iiZa + i%Zh = (20) 

Substituting from equations (17) and (18) gives 

vi = H[Za + ZbiX - «-^'')] (21) 

Pj = t-ird„i = t,[Zt(l - e-y^ - Za e-i"l (22) 

Zo = Za + Zb(l - e-y^) (23) from (21) 

Zo = - Za- Zb(l - e>^) (24) from (22) 

Z.« = Z.« + 2ZaZb (25) 

or 



2 



(26) 
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Also 



Za = — Zfc + -Zj 



^yd + c~Td 



Z. = Z( 



yd —yd 

yd —yd 

i2 +€~2^ 



(27) 



(28) 



Distributed Circuits with Lumped Loading. — The convenience 
of the T-network just discussed is evident when it is desired to 
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Fia. 121. — Uniformly distributed line with lumped loading. 

find the iterative impedance and propagation constant for a cir- 
cuit formed by a distributed line, in series with which, at regular 
intervals, additional impedances have been connected as shown 
in Fig. 121. Thus consider the distributed circuit between two 
successive "loads'' to be replaced by its equivalent T. If this 
is done for the entire line as in Fig. 122, it is seen that the section 
included between A and B is a recurring section which also forms 
a symmetrical T. Let Ze be the impedance of each load. 




4 s 

Fig. 122. — ^Line of Fig. 121 with 7-equivalents for sections of distributed line. 

For convenience put Zc = 2Zc'. The voltage equations for 
this section are similar to those of equations (19) and (20) and are 

vi - ii(Z/ + Za + Zft) + tjZi = (29) 

t^2 - tiZft + h{Z: + Za + Zi:) =0 (30) 
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From which it is desired to find y' and Zq where 



and 



,-y<^ = ?? = !? (31) 



Zo' = V^ (32) 



Substitute from (31) in (29) and (30) and solve for €+"''^ and also 
for e""^'^ whence 

^Yi + e-y.* = 2 f • "^ ^z^ ^') (33) 

Substituting in (33) for Z. as given by equation (27) gives 

2 2 "•■ Z» , ^^^ 

Substituting from equation (31) in equations (29) and (30) and 
solving for - gives 

Z'o* = {Z.' + Z„)* + 2(Z/ + Za)Z„ (35) 

Hyperbolic Functions. — It will be noticed that many of the 
equations obtained above involve terms of the form t*^ + e"*^"^. 
The propagation constant 7 is of the form a+ jp. For sim- 
plicity put d equal to unity and consider an expression of the 
form €* + €~"^. Substituting 7 = a + jj? we have 

€7 = €« + ^^ = c« (cos j3 + j sin j8) (36) 

^-y = ^-cL-jfi ^ 6-«(cos j8 - i sin jS) (37) 
Hence 

ey + e-y = (c« + €"*) cos j8 + i (#*" - €-«) sin j3 (38) 

It will be remembered that 

cos /? = ^^ and j sin j8 = ^ (39) 

These expressions are exponential functions of an imaginary 
angle, namely jj3. Without going into the mathematical deriva- 
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tion of these expressions for the sine and cosine we have made 
use of them in Chapter I. 

In the same way we shall now find it convenient for simplicity 
of notation and for convenience in numerical examples to intro- 
duce two definitions from that branch of trigonometry which 
deals with hyperbolas instead of the circles with which the reader 
is already familiar. Thus the hyperbolic sine of an angle z is 
abbreviated as "sinh x" and is defined as 

sinh X = ^ — (40) 

Similarly the hyperbolic cosine of x, written "cosh x" is defined 
as 

cosh a; = ^ — (41) 

Equation (38) may then be written as 

€^ + e-y = 2 cosh 7 = 2 cosh (a + jfi) 

= 2[cosh a cos j3 + j sinh a sin 0\ (42) 

Some of the formulae of the preceding pages may then be re- 
written as follows: 

Zo = Zt sinh yd (26') 

Za= - Zb + Zt cosh yd (27') 

sinh '^ 

Za = Zo ^ = Za tanh ^ (280 

cosh-^ 

cosh 7'd = cosh yd + ^^ (34') 

Tables of the hyperboUc functions are in use similar in general 
form to those for the circular functions. The operation of cal- 
culating the value of 7' from equation (34') is one of finding the 
complex angle 7'd whose hyperboUc cosine is another complex 
quantity, namely, cosh (7^+ Zc/2Zt), 
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Propagation of an Alternating Current along a Circuit of Finite 
Length. — So far this discussion of circuits has been confined to 
the case of a circuit of essentially infinite length where the dis- 
tant terminal apparatus receives zero current and zero voltage 
and hence the current and voltage relations along the line are 
conditioned solely by the line constants and the voltage impressed 
at the sending end. 

Consider now the case of a circuit of iterative impedance Zq 
of propagation constant 7, and of length L which is terminated 
by impedances Zr and Z. at the receiving and sending ends re- 
spectively. 

Let the impedance of the circuit at the sending end, that is 
the driving-point impedance, be represented by Zi, and let the 
e.m*f. E^^^he active in the impedance Z„ At some point distant 
z f romr^tHe sendiilg end the voltage is 

t; = AeT'* + 5c-^* (43)1 

where A and B are constants to be determined by the terminal 
conditions. To find the current consider equation (8) namely 

Dt; = - Zi (8) 

and substitute Dv as found from (43) giving 

yA^y^ - yBe-r"^ = - Zi (34) 

or 

f = - ^ (ilc^^ - Bc-^^) 

Zi 

Zo = Z/y 
iZo = - At-" + J5«-i" (44) 

Equations (43) and (44) may be recast into forms involving 
(A + B) and (A — B). Thus consider equation (43) 

'^This is the cojtoplete solution lor v in equations (8) and (9) of page 166. 



or smce 



€7X 
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-t-+f)<-+(l+D'-"+(l-f)<-" ^ 

+ G^ -I) 

-(B+A)(;!iiyi:a-(B-^) <'"7-") 

= (B + il) cosh yx- {B- A) sinh 7a; (43') 

Similarly from equation (44) 

iZo = (B - ii) cosh yx- {B + A) sinh 7a? (44') 

To determine the constants {A + B) and {A — B) represent 
by vi the voltage impressed on the circuit at the sending end and 
by V2 the voltage at the receiving end which is impressed'on Z,. 

vi = E^^ - iiZ. (45) 

V2 = i2Zr (46) 

Let X — dm equations (43) and (44) and substitute Vi and ii 

for V and i. 

vi = A+B (47) 

fiZo = - ii + B (48) 

Hence equations (43') and (44') become 

V = Vi cosh yx — tiZo sinh x (49) 

iZo = tiZo cosh 7a; — Vi sinh yx (50) 

Now in (49) and (50) let » = L and substitute v% from (46) 

»2 = i2Zr = vi cosh L7— iiZo sinh L7 (51) 

t*2^o = iiZo cosh L7— vi sinh Ly (62) 
From these two equations we obtain 

„ vi Zo(Zo sinh L7 + Zr cosh Z>y) (53) 

^1 ^s — s— ■ ■ ....... I ■ . . I 

ii (Zr sinh L7+ Zo cosh Ly) 
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By equation (46) vi = iiZi = E^"^ — iiZ, 
or 



Z. + Zi 



Z 4- Z ^^ "^ ^^ tS'Tih. Ly 

Zo + Z, tanh Ly 



(54) 



By substitutions from (53) and (54) in (52) and by substituting 
cosh2Z>y — sinh^LY = 1 we obtain 



lUHt 



U = 77- (55) 

(Zo + =Y^) sinh Ly+ (Z, + Z,) cosh Ly 

U Z, = Zr = Zo then equations (53), (54) and (55) become 

Zi = Zo (530 

''=2z; ^^^ 

*2 = 



2Zo (sinh Ly + cosh Ly) 



2Zo 2Zo 
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Part I. Graded Exercises 
1. Multiplication and Division of Exponentials. 



(a) Multiply 3* X 3» 
Multiply a2 X a* 
Multiply a" X a"» 
Multiply e« X ^ 
Multiply e^ X 6« 
Multiply, e^"* X ^ 
Multiply e^'("^+*) X €-'"' 

(6) What is 3-1 
What is 3-* 

What is a"* 

What is 3* X 3-» * 

_,« . o* 

What is -» 

a* 

What is a"» X a-» 
What is a* X a"* 

Whatis(€^'"0(€"^""') 
(c) What is (2«)» 
What is (a"»)» 
What is (e^"')* 
What is e 

What is 4^ 
What is 4^ 

What is 4"^ 



What 



. (.-)■ 



Solution, 3» X 3» = 3»+» = 3». 
SoliUion, 0^X0"^== a*+* = a«. 

Ans, e^+«. 

SoMion. €J«'-^'"«+^'« = e^*^ 

Ana. «■• 

^^- Si- 

SoMion. 3*-2 = 3«. 

Solution. ^ = a* X a-2 = a*-» = o*. 

A»8. a"*"". 

o* 
Solution. a*~* = o** = ^Jb ~ ^* 

Ana. €" = 1. 

iSoiw/ion. 22 X 22 X 2« =28X2 = 2«. 

Ana. a"*". 

Ana. e«^"' = e^'^. 

Ana. 1. 

Ans, 'i/4t' 

Ans. (^y = (V^) • 

Ana. 



Ana. 4 



^^ /J_\ '. 

= VV4/ 

1 



or 4-^ = (4^)-^ = y^' 



12 
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(J) If the current in an inductance is of value i ^ at and if the inductance 
is L henries what e.mi. is required to maintain this current? 

Solution. The current is always a times as large as the number of seconds 
since it started to flow. When t is zero the current is zero. But 1 sec. 
later when it is unity the current is a. At the end of each second it is a 
amperes larger than at the end of the preceding second. For 0.001 of a 
second it is (0.001 a) larger. In one-millionth of a second it increases one- 
millionth of a amperes. That is, its rate of change is uniform and equal to 
o amperes per second. Hence the e.m.f. required is » = Lpi = La volts. 

{g) If the current is t = / + hat what is the required e.m.f.? 

SoliUion, pi = /lO. Hence v = Llia, 

6. Capacity. 

(a) At what rate is the e.m.f. increasing which is charging a condenser 
of 1 farad if a current of 1 ampere is flowing? 

Solviion, C = — orpy = p .*.p»= yt — i = ^ ^^^^ P^^ second. 

(6) If the capacity is 1 microfarad? 
Note. 1 microfarad = 1 m.f . = 10"* farads. 

Solution, pv — TTw^-T — -3 =10* volt /sec. = 1 mega-volt per second. 

(c) If the capacity is 1 m.f. and the e.mi. changes 1 volt/sec. what is 
the current? 
Arts. 1 micro-ampere. 

6. Angular Velocity. 

(a) How many radians in 360**? Ans, 2k, 

(6) What are the following in radians, 180^ 90**, 60**, 45**, 30°, A^ 

An8, IT radians, „ radians, « radians, 7 radians, ^radians, Yoq radians. 

(c) If a flywheel is turning 1800 revolutions per minute what is its angular 
velocity in radians per second? 

SoliUion, It turns 30 revolutions per second and each revolution is 2ir 

radiSiUs 

radians, hence its angular velocity is 60ir— — - — 

sec. 

(d) If / = 60,000 find 0), Solution, w = 2ir/ = 314,159 ^^^^"^^ . 

sec. 

7. Trigonometric Ratios. 

(a) In a right-angled triangle let one acute angle be 6 radians, let the side 
adjacent to it be b inches long, the side op{)osite it a inches long. How long 
is c the hypothenuse? Ana. c = -x/a* + b^ inches. 

a 

(b) What is sin ^ Ans, — • 

c 
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What is cos 6 Ana, -• 

c 

What is tan $ Ana, r* 



(c) In what units is the sine measured? 

Ans. It is a pure number, being merely the ratio of the number a 
(telling how many times the given unit of length goes into the side of a right 
triangle constructed on the angle) to the similar number c corresponding to 
the hypothenuse. 

^mm ^mm mp tjp 

{d) What are the sines of 0, ^» 7' q' o^ What are the cosines of these 
angles? 

A„a.o i,:4,v:|,i,andi,^,:4,io. 

'222 2 22 

IT 

(e) Given ^ = ^ and c = 10, find a and h, 

Sohdion, - = sin ^ or a =^ c sin ^ = 10 X = 6. Also - = cos or 

h =ccos ^ = 10 X -^ = 8.66. 

(/) From the data of problem 7d find 

= tan~*0 Ans, Zero. 

,1 . ' 

d = tan~^— /= Ans. g* 

a = tan~*v3 Ans. q* 

8. Vectors. 

(a) If east is ^ and north mjE find expressions for NE, NW, SW and iSf^. 

Solution. NE ^ E +jE 

NW - jXiVE) = jE +pE ^jE -E -- -E -i-jE 

SW = j^(NE) = -NE = -^ -i^ 
;S^ ^p(NE) = -jM = -i^ -j^E --E -jE 
(6) Using sin 22*'.6 = 0.383 and cos 22**.5 = 0.924 find expressions for 



ENE, NNEy etc. 

Ans, SSE = 0.383^ - i0.924&, etc. 

(c) Draw three vectors 6 +jO, 3 +i4, and —2 +i2. Find their sum 
by the parallelogram law. Check by adding as (6 +jO) + (3 +i4) + 
(-2 +i2) = (6 + 3 - 2) +i(0 + 4 + 2) = 7 +^6. 

(d) Multiply (3 + i4) X (2 - i3). 

SoltUian. 3 X 2 + i4 X 2 + 3(-i3) +i4(-j3) =6+78 -j9-jn2 

= 6 -il + 12 = 18-il. 
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(«) Multiply (a +^6) X (a - jb). Arw. a* + 6*. 

C/) Find the length of the vector 4 - ^3. SoluHon. Vi* + 3* = 5. 

(g) Find the quotient . i -o * 

Solutian, Multiply both numerator and denominator by 4 — ^'3. 
fK„« (2 4-j2)(4-y3) _ 8 4-6 4-i(8-6) ^ 14 4-^2 ^ 14 . .^. 

* (4 + i3)(4 - jS) 4« H- 3« 25 25 "^ -^ 26 

9. Vector Operator. 

V It 

(o) Given sin »= 0, cos = 1, sin s = 1| cos s ~ ®> ^^ 

Ac'* Ans. A. 

A€^2 Solution. I cos ^ + ^ sin ^ J A = ^'A. 

Ai'd"^') SoltUion, AJ^€i*-^jAJ\ 



.r .r 



Ac'' Solution, Ac'' = Ac'2i '2" ^j^A^-A. 

Ac'y Solution. A€^~i ^ A U\\ 'a 0*)'= - iA. 

(&) Write the directions of the compass referred to E. 



Ans. EbN = ^E where *=Tg' 



. iraS^ = J^E 

NE ^J^E, etc. 

.»_ 

N^J^E^l^E^jE 
WhN = c'*^Jg; = c'(^"^*)jSf 

AWF= c'^^J^ = c'(^ "^ ^*)^, etc. 

10. Sinusoidal PunctionB. 
(a) What is 200 c»«»~« «? 

An«. A vector of length 200 which revolves counterclockwise with an 
angular velocity of 628,000 radians per second. 
(jb) What are its component vectors? 

Ans, 200 cos 628,000 1 and j 200 sin 628,000 /. 

(c) What is its frequency? Ana. — s- — = 100,000 cycles/sec. 
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{d) What is its value at < = 0? Ana. 200. 

11 '^ 

(c) What is its value at / = ^ lOOOOO ®®^'^ '^^^' ^^^^ °^ ^'^^• 

(/) What is its value at < = th TniooOO^*®^'^ 

Arw. 200 €^6 = 200 cos 5 + j200 sin g- 

(p) If 200 c'^' is to represent a sinusoidal e.m.f. which starts at < » 
from its maximum value of 200, which component is used? 

An8. The component 200 cos co< which lies along the axis of reals? 
(h) If the sinusoid is to be zero at < » 0? 

Ans. The component along the axis of imaginaries or j200 sin <at. 

11. Phase. 

(a) What is the phase difference between the rotating vectors (l) and (2) ? 

(1) E^"^ (2) ^e'^"'-^) Ana. (1) leads (2) by $. 

(1) EJ*^ (2) JS?e'("'+'> Ana. (2) leads (1) by x. 

(1) JS?€'*("<+<^) (2) eS'^-^^ Ana. (1) leads (2) by 2$. ' 

(1) J^€-'*«' (2) ^6-J*(«<-«) 

An«. (1) is ahead of (2) by $. Both vectors are rotating clockwise. 

(1) E^""^ (2) ^«-^*«« 

ArM. The two vectors are rotating in opposite directions. We cannot 
describe the angular position of one of them with reference to that of the 
other by the use of a phase angle. 

(6) What is the phase difference between the components of Etf**^ and 

Ana. For the real components, zero; for the imaginary components 
180^ 

(c) What is the phase difference corresponding to K cycle, 1 cycle, 
Ji cycle, 2 cycles, Ji cycle? 

Ana. T, 2x, ^ 4t, -^^^ 

12. General Expression for Vector. 

(a) What is E^^t 

Ana. A vector of value JE^ at < = which rotates counterclockwise with 
an angular velocity co. 

(6) What is (^i +i-E?»)e^*"'? 

Ana. A vector of value (^i -{-jEi) at the instant < = 0. It rotates 
connterclockwise. 
. (c) If Ei/Ei = tan $ how may the vector of (6) be expressed? 

Ana. WeTTE? «^] e'"' = VEi^ + ^»* e''<«'+'^> 

(d) Find a vector 180° ahead of (J^i + jEt)^*^. 

Ana. ^[{Ei +jEt)^^^] = -(Ei +jEt)^. 
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13. Conjugate Vectors. 

(a) Write the conjugates of the following vectors. 



Ans. Et-^*^^ 

Am, -jEe-^'"^^ 
Ans. El -jEx 
Ana. {El - jJE^j)^"-'"' 
Ans. (3+j4)e'>^-^>. 



El +jEi 
(El + jE,)M 
(3 -j4)€--'("'-'^> 
(6) Write the sum of each of the following vectors and its conjugate, 

j^e^"' Ans. 2E cos <aL 

jEef'^^ Ans. 3*2E sin <at = 2E sin («< + x). 

100(1 4- il) Ans. 2Q0. 

4 +j3 Ans. 8. 

El ^jEt Ans. 2Ei. 

+ jEi -Ei Ans. -'2Et. 

(El 4- jEi)e^^''* Ans. 2Ei cos «/. 

(c) What is [(J^i + i^2)€^'"'][(^i - jEt)e-^'^]? Ans. Ei^ + Et\ 

14, Plot of 2/ = il6*'. 





FlQ. II. 



Plot 2/ as ordinates, and t as abscissae as in Fig. I. Let 10 units of the 

1 
cross-section paper represent A and 20 units represent kr second. For con- 
venience put a equal to 20 so that when < is Ko we have at =1, 
Solution. If < = 0, fU = 0, €«« = e» = 1, and y = A 

1 . 



If t =?i7r-' at = 7^ and from Table I we find e-®'** = 



20a 



20 



.-0.06 



MM 

hence y = "95T2 ~ 1.052A. Similarly for other points. 
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15. Slope of y = Ac*'. 

Find slope of the curve of problem 14 and make a plot like that of 
Fig. II. 

Solution. (Graphical) At any point as that in Fig. I, draw a tangent to 

no 
the curve as win. Draw mo and no parallel to the axes, then — is the slope. 

Plot this value as in Fig. II. It then appears that the slope is a curve of 
the same form as that for y, and is always equal to ay. Hence py — ay 

= aA€«'. Thus at (rf = 1.96, y = 7.0ZA. Also — = ^^^ = 20 (7.03) A 

mo U.Uo 

= ay. 

16. To Find pe'"'. 




Fig. III. 

Solution. Consider Fig. Ill where are shown two positions of a rotating 
vector, corresponding to times ti and h respectively. Let these two values 
of the rotating vector be OCi and OC2, respectively, where OCi = e^"'^ 
and 002 = ^"^*. The vector Od is obviously equal to OC14-C1C2. 
That is the vector CiCt represents the change in the quantity e'"'* which 
occurs in the time interval U — ti. If this interval, tt — ti, is small so 
that the angle a>^2 of Fig. Ill is not much greater than the angle cdi then 
C1C2 differs but slightly from the arc of the circle between Ci and €%. 
Now the angle uiti — uiti ia measured by this arc, thus 

arc CiCj 

Henca C1C2 which is the change in the vector OCi during the time 
interval, U — ^1, is given by Cid = jOCi {<d2 — orfi) = iw (OCi) (^2—^1). The 
direction of C1C2 being 90° counter clockwise from OCi is indicated by 
the operator j. 

The change per second, which is pe'"'* is then 

In general, then, we may write pe^"' —Jtae"^, 
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17. To Find p"^. If j/ = Ae«* find p-^y. 

Solution, Let F = — then pY — ^^— A€«'. Now, p~^y means "the 

quantity whose rate of change is y". K y = Ac"' then p~^y equals p~*(Ac«0 

and ''means the quantity whose rate of change is Ac'*'/' ^^^ this quantity is 

y Ae** 
obviously Y since pF « A€«'. Hence p~^y = F = — = * 

18. Write the rates of chf nge for the following quantities. 

A^'^^ Ana, MA^'^^). 

Solution, A«'<"'+*> = [Ae^]€f'^ = Ao«'"', hence pCAoe'**^) = i«Ao«''"* 

19. Write p~^y for the following. 

f/ A c/^^ 
y « A«i»* An«. -^- = — ; 

A -i * A y Ae"i«' 

1/ « A«^«* Arw. — ^ = -. — • 

— j« — j« 

y = A6^«/«< Arw. f • 

y = A€0«+o)« Ana, -r-^. 

Sa If i = /«'"' + /€-^'«' where / = 10 amperes and « = 377, find the 

2ir 1 
current when ^ = To X 3=^ sec. 

iSWti<«m. «* = 12 " i^ *^®^ * " ^^^' "^ lOe"-'? or i = 2 (lOcos|) 
- 20(0.867) = 17.34 amperes. 
8L Find pi for the conditions of problem 20. 

Solution, pi = jwl^^^ — jw/e^***. Hence when ct>t = 

pi = 377 [2(10) sin 1^ = 3770 amperes per second 
82. Find p~H for the conditions of problem 20. 

Solution, p H = — ; — + r— • 

Substituting for cat and a> gives 
,. lOe'? . 10€~^? 



6^ 



i377 ^ -i377 
Multiplying numerator and denominator by — i givee 






'^ 377 "*■ 377 

20 . X 10 , 

= 3^ ^'"^ g" ~ 377 aniP^re seconds. 

That is ^== coulombs since 1 coulomb = 1 ampere X 1 second. 
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Part IL Circuits 

. Note. — For convenience only one vector of a pair of conjugates is used in 
those problems where the omission is allowable as explained on p. 22. For 
those problems where the complete expression is necessary, the word " con- 
jugate " follows the problem number. 

1. Find the impedance offered by an inductance L to a sinusoidfil current 
of frequency /. 

SoliUion, Assume the current flowing in the circuit to be » » 1$^^ where 
u> is the angular velocity, namely 2wf, and / is the maximum value of the cur- 
rent. From the definition of inductance, the e.m.f. required to force this 
current through the circuit is t; » Lpi, Substituting for pi gives v = jcJji. 

This means that the e.m.f. required to maintain the current is p(f ahead 

of the current and is Im times as great. The impedance is Z = -r s jcJj, 

% 

8. If the circuit of problem 1 contains both a resistance R and the induct- 
ance L, what is the impedance? 

SoliUion. The e.m.f. required across the resistance is Ri, that is, it is in 
phase with the current and R times as large. The e.m.f. required across the 
circuit is then the sum of that across the resistance and the vidue of problem 1. 

Hence v ^^ Ri + Lpi 

or 

V ^ Ri +JL<ai, 
Hence Z-%-B+jI^ 

or 

Z = VR* + i*«* (e'') 
^^^ ^-tan-i^- 

3. If the circuit of problem 1 contains a condenser of capacity C instead 
of the inductance, find its impedance. 

Solution. By definition t = Cpv, 

1) H ill — J 

hence *-77- = v. Substituting p'H = -r- gives v = .-tt" and Z « -yr" ^q' 

In this case the required e.m.f . is 90** behind the current and of value 7f- 

times the current. 

4. If Rf L, and C are in series, find the impedance. 

Ans. v^ Ri+Lpi + ^ -- (r -{-jL<a - -^ t. 
Hence Z - iE +,' (l« -^) « V^» H-(l« -^) "(c^) 

where ^ x . ^ Cw 

$ « tan^ p _ » 
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5- (a) An alternating current of maximum value 10 amps, and of fre- 
quency 79,600 cycles per second flows in a resistance of 6 ohms, find the 
required e.m.f . 

Solution. I = 10e^'2x79600t ^ lQ^5tX10*, 

Hence t; - iiJi = 6 X lOc'^' X ^^* = dOe'^* X ^^* 

(b) What is the value of this e.m.f. J^ cycle after t is zero? 

Solution. Put «« = -T- == s' Then v = GOe'i* 

4 2 

If in the expression t — /e^"' we are tacitly omitting the imaginary com- 
ponent, we must omit the corresponding component in this case giving the 

value of the e.m.f. when <at == ^^^ ^ ^ ^^ °^ 2 ~ ^' 

6. (a) If the current of problem 5 (a) flows through an inductance of 1 
mil-henry, what is the required e.m.f.? 

Solution, L = 0.001. 

V --jLu>i -i(10-») (2ir79600)(10)€^*2ir796(XM 

- i5000c>S' X 10-. 
(b) What is the voltage at the end of Ji cycle? 

Solution. Put orf = |, then v = i5000 €2 = J50O0 ^cos | + i sin |j 

or V — 5000 ( — sin rt + i cos s ) 

and omitting the imaginary component as before gives —5000 volts. 

7. (a) If the curre|^t of problem 5 (a) is the charging current of a con- 
denser of 2000 micro-micro-farads, what is the required e.m.f.? 

Solution. 

" ^jk ° i(5X10')(2000X 10-") = - •'■^O'* = -yiOOOO.^^ ^ ^°' 

(6) What is the e.m.f. at the end of J^ cycle? Ans. 10,000 volts. 

8. (a) If the resistance, inductance and capacity of problems 5, 6 and 7 
are all in series, what is the e.m.f. required across the circuit to cause the 
current of 5 (a) to flow? 

Solution. I 

V -^ (r +jIm - ^\i = (6 4-J500 -il,0(}0)i 
= (60 - j5000)€^*^' X io» 
= 5,0006 ^'^' X lO' + 0.012 - I 

, . 5000 If t\t\ick 
smce tan ^ -xtt =■ s — 0.012 

oU z 
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9. (a) If two circuits, 1 and 2, are in series and if the e.m.f 's. required to 
force a current of % = /c^"' through them are respectively 

vi = ^i€J*(««+«») and vt = Jg;,€>(««+^«> 

what is the e.m.f. required across the series circuit? 

Solution, f = »! 4- »2 = €^'^[^ie^'*» + Ei€^^'] = ^o€^"' 
where Eo = Eic''^ + Ej*'" 

= [(^1 cos ^1 + E2 cos ^2) 4- J {El sin Bi + E2 sin ^2)] 

(6) If -Ki - 100, -&2 = 80, ei = ^, ^2 = ^,and « = 5 X lOSfind » 

Ana. V = (126.6 +ill9.3)€^'^* >< ^O'- 

(c) Draw to scale the vectors of 9 (6) at the instant t — 0. Draw the 

vector Eo. Check the sum Ei^^^ + Ef^ by completing the parallelogram. 

10. (a) Two impedances Zi^^ and Z%^ are in parallel. An e.m.f. of 
E^^^ is applied to the terminals of the branched circuit. Find the imped- 
ance of the branched circuit. 

Solution. The total current i supplied to the circuit is the sum of the cur- 
rents i\ and 12 supplied to the individual branches. The impedance of the 
branched circuit is the ratio of the e.m.f. to the total current. Hence, 

BtJ"' E ., , . , 






i Zx^9x -I- Z2«>«« 
(6) If 3 + i4 and 4 -^ jZ are the two impedances, find the total impedance 
in ohms. 

Solution. Bi = tan-i 3 '^ 1 ~ ^' ®"^^® ^* ~ t&a-^ 2 

Zi€'<^i + Z2€'«« = 3 4-^*4 + 4 +jd = 7 +i7 
Zi =5 2/2 = 6. 

Z = Md^ = J5€^^ 2.53€'^= 1.79 + Jl.79 

7\/2eJ4 

(c) Find the total current if an e.m.f. of the frequency for which the im- 
pedances are given above and of maximum value 100 volts is impressed on 

the branched circuit. 

Solution. V = lOOeJ"' 

.V 

2.53€'r 
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11. (a) In a series circuit R ^ Z ohms, L » 0.002^, and C » 0.001 mf. 
Find the frequency for which the circuit is resonant. 

Sdviion. ^ = ^or «« = 2^ = (2 X 10-»K1 X 10-») " ^ >< ^^^ 

« «= 7.07 X 10*. / = ^ = -^ X 10» = 112,600 cycles per sec. 

(&) If an e.m.f. of 1.1 times the resonant frequency is impressed on this 
circuit, what is the impedance to it? 

Solution, Z = R+j (iao-^^^Z +j ^^'^n " ^ 

Substitute « « l.l«o = -i4=. HenceZ = 3 4-i ^1^,^ ~ ^ or Z = 3 + j266. 

(c) If tlie maximum value of the e.m.f. of 11 (&) is the same as that of an 
e.m.f. of the resonant frequency, find the ratio of the currents for the two 
e.m.f's. 

„ , , . current oi resonant ireq. \/3* + 206* «^ 

SoltUum, . f ^ 1 re — ■* 5 = o9 

current of 1 . 1 resonant f req. 3 

12. (a) An inductance L and a condenser C are in parallel. Find the im- 
pedance of the circuit to an e.m.f. of frequency - — 7-= 

2Ty/LC 

Solution, Using the results of problem 10a we obtain 



t^^) id) 



\ Im - , 



\JjCu>'' - 1) LC 



(&) If the resistance of the inductance is not zero but is R ohms, find the 
impedance. 

(«+iL«)(^') 
Solution. Z 7 ^ — i-\ • Placing «' =• tt? 

„_ C<a^ C _L . 1 _ L jL 

^ ~ R ~ CB ' Cu CR "^ \C 



- M -'•)■ 



13. (Conjugate) EffectiTe Value of a Sinusoid. — ^The effective value of an 
alternating current is defined as the value of a steady direct current which 
would produce in a resistance a heating effect equal to the average effect 
which the alternating current would produce. Since the instantaneous 
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heating effect of a current i is proportioned to t' this definition states that the 
effective value of an alternating current is its *'root mean square value/' 
Find the effective value of a sinusoidal current in terms of its maximum 
value. 

SoltUion. Let the maximum value be /« = 2/ and the current be 
t ='/€>«* 4- /«"''*"*. 

Then t* = Ih^^^ + /*€~ ^^ + 2/*«^' is evidently composed of a sinusoidal 
effect of double the frequency of the current and a zero frequency effect. 
The average of the double frequency sinusoid is of course zero, hence the 
average of i* is merely the constant effect 2IK The effective value leff is 
the square root of this, hence 

/«#= V2I « V^ = -^ = 0.707/» 

2 V2 

14. (Conjugate) Average Power. — ^The instantaneous value of the power 
expended in a circuit is vi where v is the e.m.f. impressed on the circuit and i 
is the resulting current. If the e.m.f. and current are sinusoidal find the 
average power in terms of the phase angle e by which v leads i. 

Solution, Let t; = ^6'*("* + ^> + JS?«-^M+«) and t « /«^*"* + /«"■'*"*. 
Then vi = JS?/[6><2«<+<^) 4. ^-Ji2<^+B)] 4. eIU^^ + c""-^ ] 

In this expression for vi the first part represents a smusoidal effect propor- 
tional to EI and of double the frequency. Its average will be zero. The 
second part represents an effect which does not vary with the time, that is, a 
steady effect, of value EI U^ + e"'-'^] = 2EI cos e. 

Hence the power fluctuates with double frequency sinusoidally about the 

E 
average value of 2EI cos $, Since 2E = Em and 2/ == /«, and Eeff = — ^ 

and /ejT = —t=, this average power may be written Eeff leff cos 0^ The 

factor "cos ^" is called the " power factor." 
(fi) Solve by the usual methods of calculus the preceding problem. 
SoliUion. V = Em sin («< + ^) 
% = /m sin co< 
vi — Emim sin at siu (w/ + e) 

""vidi 




i 



Average power = g, 

(odt 



I: 



15. A battery of E volts is connected to a circuit composed of an induct- 
ance L and resistance B in series.^ Find the expression for the current. 
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SoMian. Let the current be t = /o + /e^"** +^*">' (1) 

where /o, /, a, and a> are to be determined. The e.m.f. across the circuit is 

E ^ Ri+ Lpi (2) 

Note that at the instant when the battery is connected the current is 
zero. That is, f or / = 0, i = 0. Hence 

i = /o + /6<-** + ^">' = /o + / = and / ^ /o 

Substitute * « /o - W-« + J">' and pi = - (-a + i«)/o€<-«+^«>' 
in equation (2) giving 

E ^Rh- Rh€^-^ +^'">< - (-a +ia,)L/o€(-^ + >">< (3) 

This relation must of course hold for all values of t^ hence putting < » 

E 

gives JE^ = —(—a -{-j(a)LIo therefore « = and Iq = j— 

Substituting for /o and a> in equation (3) gives 

^^RE^RE^^at _^E^-ai 

La La 

hence 

R 



and substituting in equation (1) gives 



AtN 



This solution is much facilitated by the principles expressed on page 68. 
The forced current will obviously be E/R, The transient current at < = 
will be equal and opposite to the forced current, hence the complete ex- 
pression for the transient will be — p «^~^ +i«)^ 

Since there is only one type of storage reservoir the current will not be 
oscillatory, hence (a will be zero. To find a put Z = R -{- jLp = 

from which p= — j-or— a= — y- 

16. A condenser of capacity C which is charged to a voltage E is allowed 
to leak (i.e., discharge) through a resistance R. Find the equation of the 
discharge current. 

Solution, The impedance of the series circuit formed by the resistance 

and capacity is iJ + -^-tt— Hence in the expression for the natural oscilla- 
tion of the circuit namely le^ we have p = — p^ 4-^0. Represent the 
total current in the circuit by /o + /«^ where /© is the forced current. 
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The impreaaed e.m.f < is sero hence the forced current is sero and the total 
current is 

i == ItRC (1) 

To find / write the general expression t; » JfBt + ~7rand note that v is always 

zero; that &tt ^0 the e.m.f . across the condenser is E, hence at / » we have 

E 
^ Ri + E or in ^ —p. But from (1) above when / = we have io — / 

E E ^ 

then -''="» a^d the current in the circuit is * =» — R^*^' "^^ minus 

sign before B indicates, of course, that the current flows in the opposite direc- 
tion to Ef ».e., is a discharge current. 

17. In a damped wave train the decrement is 0.15. Find the number of 
whole waves before the amplitude is reduced to one-tenth of its initial 
value. 

Solution. The wave train may be represented by Ie^^€^*^^ , 

n 
For a substitute df. For t substitute -j where n is the requi]:ed number of 

waves. Then «""* = c"*^. From Table I it is found that «-2.30. q ^ 
Hence we have nd = 2.30 
or since 

Id — 0.16, the required number is n = 16 + 




Fio. IV. 

18. The coupling between the two circuits of Fig. 41, p. 75, is 0.20. The 
frequency of each circuit by itself is 30,00Q cycles per second. Find the 
two natural frequencies of the coupled circuit. Ana, — 27,400 and 33,500. 

19. A branched antenna is shown in Fig. IV, also its equivalent circuit. 
The constants are C » 0.001 m/. L » 0.00024A, Li « 0.0023A, 
Ct « 0.001 m/., L, =- 0.0033 h. 

Find the two natural frequencies with which it will oscillate. 

13 
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SoltUum. To find the natural frequencies equate the driving-point imped- 
ance to zero. To find it assume the currents h and is as shown and write 
the equations for the e.m.f 's. thus 



- - Lipii + (htp + ^j it 



Lipit 



hence Z = - = 
ti 



(lp+l,p + ^)(i^p + ^)-l,v 



LiP + 



Cip 



Equating the numerator to zero gives 

(LL.+L.L.-I..)p.+ (J-;+^^+^) +^^ =0 

Multiplying through by Cdp* and substituting the numerical values gives 

3.09 X 10-"p* + 6.84 X lO-^ V + 1=0 



hence 



P' 



« = ion 5.84 ± V34.1 - 12.36 



6.18 



and p« = - 19.1 X lO^' or -1.70 X 10" 
.*. ju> = j 4.37 X 10» or j 13.04 X' 10* 

/ = 69,600 or 208,000 

X » 4310m., or 1440m. 



Tiinorl I 




V.-c/-../' 




Fig. V. 



Ceneraf-or 
Fia. VI. 



20. Find the. effect at a distance x, large as compared to d, of the direc- 
tive system described on p. 145. 
Sclviion. Let the effect of A i be 



then that of iit is 
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Put ^ = — T + -. -and a; J '== xi -{- d cos ^ as follows from Fig. V. Then 

2rx\ [ 2wd (1 + oofl ^)\ 

the total effect is Kle ^'^^ x ^1 + ^-J^ -J x J 

2ird (1 + cos <p) 2ir«i 

or writing y = -r and Kq = Klei \ ' Then the effect is 

jfiCoc^'^ (1 - e^^ ). The absolute value of this effect is then 2/iro«^*"' (1 - cos y). 

21. In the circuit of Fig. VI the generator voltage is 550. The spark 
gap is reduced until a discharge occurs. Assume the discharging gap to 
introduce a resistance of 4 ohms, independent of the current through it. 
The condenser is 0.001 mf. The inductance is 10 mil-henries and has a re- 
sistance of 10 ohms. Find the current in the tuned cinniit following the 
break down of the gap, neglecting any current supplied from the generator. 

SoltUion. Assume the current to be £ = (/i + jlz)^ + (/i — jit) « ^ 
where Ii, It, p and p are to be determined. Of these quantities p and p' 

are found as on p. 73 to be p — "" of "^ /fr\^ " aT *^^ ^*® conju- 
gate. Hence, upon substitution of numerical values p = — 700 + j3, 16 X 10'. 
To find /i and It write the equation for the e.m.f . in the circuit namely 

and note that at / » the e.m.f. across the condenser is equal and opposite 
to that of the generator, say E^ hence since v is zero after the spark discharges 
we have at < = 

= 2RIi - 2La/i - 2L«/2 - E 

Also note that at the instant t '=' the current is zero for at this instant the 
conditions are the same as those of problem 15, where an e.m.f. is suddenly 
impressed on a circuit containing an inductance and resistance, only in this 
case the e.m.f. E is due to the condenser. Hence, at < » 0, t = and 2/i « 
Therefore 

^* = 2l^ "^ 2(10-«)(3.16 X 10*) = - ^-^^^2 '''^^^' 
Hence the current is t = j0.0872(€(-70O-i3i6OO)« _ ^(-7oo+y3i600)<) ^^ 

i = 0.174 6"^^' sin 31,600 t. The decrement is %r 0.01381 
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Tablb I.- 


—Values. OF < 


!"■ 




X 


«"• 


X 


«-» 


r 


•-• . 


0.000 


1.0000 


0.36 


0.6977 


0.82 


0.4404 


.006 


0.0960 


.37 


.6907 


.84 


.4317 


.010 


.9900 


.38 


.6839 


.86 


.4232 


.016 


.9861 


.39 


.6771 


.88 


.4148 


.020 


.9802 


.40 


.6703 


.90 


.4066 


.026 


.9763 


.41 


.6637 


.92 


.3985 


.030 


.9704 


.42 


.6670 


.94 


.3906 


.036 


.9666 


.43 


.6606 


.96 


.3829 


.040 


.9608 


.44 


.6440 


.98 


.3753 


.046 


.9600 


.46 


.6376 


1.00 


.3679 


.060 


.9612 


.46 


.6313 


1.06 


.3499 


.066 


.9466 


.47 


.6260 


1.10 


.3320 


.060 


.9418 


.48 


.6188 


1.16 


.3166 


.066 


.9371 


.49 


.6126 


1.20 


.3012 


.070 


.9324 


.60 


.6066 


1.26 


.2865 


076 


.9277 


.61 


.6006 


1.30 


.2725 


080 


.9231 


.62 


.5946 


1.35 


.2692 


086 


.9186 


.63 


.6886 


1.40 


.2466* 


090 


.9139 


.64 


.6827 


1.46 


.2346 


.096 


.9094 


.66 


.6769 


1.60 


.2231 


.100 


.9048 


.66 


.6712 


1.66 


.2122 


.110 


.8958 


.67 


.6055 


1.60 


.2019 


.12 


.8869 


.68 


.6699 


1.66 


.1920 


.13 


.8781 


.69 


.6643 


1.70 


.1827 


.14 


.8694 


.60 


.6488 


1.76 


.1738 


.16 


.8607 


.61 


.6434 


1.80 


.1663 


.16 


.8621 


.62 


.6379 


1.86 


.1672 


.17 


.8437 


.63 


.5326 


1.90 


.1496 


.18 


.8353 


.64 


.6273 


1.96 


.1423 


.19 


.8270 


.66 


.6220 


2.00 


.1353 


.20 


.8187 


.66 


.6169 


2.10 


.1226 


.21 


.8106 


.67 


.6117 


2.20 


.1108 


.22 


.8025 


.68 


.6066 


2.30 


.1003 


.23 


.7946 


.69 


.6016 


2.40 


.0907 


.24 


.7866 


.70 


.4966 


2.60 


.0821 


.26 


.7788 


.71 


.4916 


2.60 


.0743 


.26 


.7711 


.72 


.4868 


2.70 


.0672 


.27 


.7634 


.73 


.4819 


2.80 


.0608 


.28 


.7658 


.74 


.4771 


2.90 


.0660 


.29 


.7483 


.76 


.4724 


3.00 


.0498 


.30 


.7408 


.76 


.4677 






.31 


.7334 


.77 


.4630 




. 


.32 


.7261 


.78 


.4684 






.33 


.7189 


.79 


.4638 






.34 


.7118 


.80 


.4493 






.36 


.7047 











r 
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Note to Table II 
NoTE.-'^Reading down the table gives sines and cosines for 9 from to 
j by steps of 0.01. radian. For angles between j and -^ the sines and cos- 
nes may be found .by the formulas 

sin (^ — ^1 = cos e 

cos (^ — ^) = sin d 

For convenience the table is arranged to read up to give the sines and cosines 
of ^ angles greater than -j' The steps are also by 0.01 radian but start from 

;: - 0.78 « 0.7908 radian. For- the greater part of the table the 

.figures 0.0008 may be neglected in which case the value of the trigonometric 
ratio will be correct to at least threesignificant figures. 



12 
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Tab(jB II. — Values op smt 6 and cos B fok B in Radians 



17(08) 
»(0S) 



11(08) 
0(08) 
AfOS) 



3(08) 

1(C8) 
.0(08) 



«(08) 
4(08) 
3(08) 
;2(08} 

11(08) 
0(08) 
19(08) 
8(08) 



»(08) 
15(08) 
14(08) 
3(08) 
12(08) 



I0(08> 
9(08) 

8(08) 
7(08) 
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Table II. — Values op sin 6 and cos 


e FOB e IN Radians. — 


iPontinued) 


e 


sin 9 


/t/\a A 


degrees 


radians 


radians 


degrees 


COB V 


.41 


23^29'. 5 


.3986 


.9171 


66*»30'.5 


1 . 16(08) 


.42 


24^ 3'. 9 


.4078 


.9131 


65°66M 


1.15(08) 


.43 


24^38'. 2 


.4169 


.9090 


66°21'.8 


1 . 14(08) 


.44 


25^2'. 6 


.4259 


.9047 


64^47'. 4 


1 . 13(08) 


.45 


25*^47'. 


.4360 


.9004 


64^3'. 


1 . 12(08) 


.46 


26°21'.4 


.4439 


.8960 


63^38'. 6 


1. 11(08) 


.47 


26*^55'. 7 


.4529 


.8916 


63° 4'. 3 


1 . 10(08) 


.48 


27**30M 


.4618 


.8870 


62°29'.9 


1.09v08) 


.49 


28*^ 4'. 5 


.4706 


.8823 


61^55'. 4 


1.08(08) 


-.50 


28^38'. 9 


.4794 


.8776 


6r21M 


1.07(08) 


.51 


29^3^.3 


.4882 


.8727 


60^46'. 7 


1.06(08) 


.62 


29*^47'. 6 


.4969 


.8678 


60^2'. 4 


1.05(08) 


• 


30** O'.O 


.6000 


.8667 


60° O'.O 




.53 


30^22'. 


.5055 


.8628 


59°38'.0 


1.04(08) 
1.03(08) 
1.02(08) 


.54 


30^56'. 4 


.5141 


.8577 


59° 3'. 6 


.65 


31^30'. 8 


.5227 


.8525 


68°29'.2 


.66 


32^ 5M 


.5312 


.8473 


57°54'.9 


1.01(08) 


.57 


32^39'. 6 


.5396 


.8419 


57°20'.5 


1.00(08) 


.58 


33^3'. 9 


.5480 


.8365 


56°46M 


.99(08) 


.59 


. 33M8'.3 


.5564 


.8309 


56ni'.7 


.98(08) 
.97(08) 


.60 


34*^22'. 6 


.5646 


.8253 


55°37'.4 


.61 


34W.0 


.5729 


.8196 


55° 3'.0 


.96(08) 


.62 


35^31'. 4 


.5810 


.8139 


54°28'.6 


.95(08) 


.63 


36^ 5'. 8 


.5891 


.8080 


53°54'.2 


.94(08) 


.64 


36°40'.2 


.5972 


.8021 


53°19'.8 


.93(08) 
.92(08) 


.66 


37^4'. 5» 


.6052 


.7961 


62°46'.5 


.66 


37*'48'.9 


.6131 


.7900 


62°11M 


.91(08) 
.90(08) 


.67 


38*^23'. 3 


.6210 


.7838 


51°36'.7 


.68 


38°57'.7 


.6288 


.7776 


61° 2<.3 


.89(08) 


.69 


39*^32'. 


.6365 


.7712 


50°28'.0 


.88(08) 
.87(08) 


.70 


40^ 6'. 4 


.6442 


.7648 


49°63'.6 


.71 


40^40'. 8 


.6518 


.7584 


49°19'.2 


.86(08) 
.85(08) 


.72 


4in5'.2 


.6594 


.7518 


48°44'.8 


.73 


41^49'. 6 


.6669 


.7452 


48°10'.4 


.84(08) 


.74 


42^23'. 9 


.6743 


.7385 


47°36M 


.83(08) 


.75 


42^68'. 3 


.6816 


.7317 


47° r.7 


.82(08) 


' .76 


43^32'. 7 


.6889 


.7248 


46°27'.3 


.81(08) 
.80(08) 


.77 


44° 7'.0 


.6961 


.7179 


45°52'.9 


.78 


44*»4r.4 


.7033 


.7109 


45°18'.6 


.79(08) 




45*^ 0' 


.7071 


.7071 


45° 0' 






COS0 


sin0 


degrees radians 
Read up 
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Tablb m 
Electrical Units (Practical) 

Note. — Multiples and sub-multiples of the praelical units are designated 
by prefixes with meanings as follows: 

Mega. — ^Used to express a unit 10*. times as large as that to which it is 
prefixed. 

IGlo. — 10* times. 
. Mil. — 10"' times, t.c., one-thousandth. 

Micro. — 10"* times, i.e^ one-millionth. 

. Micro-micro. — 10"^* times, t.c, one-millionth ofane^millionth. 
. The practical unit of. current is the ^ampere. 

The practical unit of e^.f. is the volt. 

In terms of these the remaining units may be defined as follows: 

QvuaLtLtj.—^Tke coulomb, — 1 coulomb is the quantity of electricity trans- 
ferred in 1 second by a current of 1 ampere. 

Resistance. — The ohm, — 1 ohm is. the resistance of a circuit in which 1 
ampere flows under a steady e.m.f. oS. 1 volt. 

.Inductance. — The henry, — 1 henry is the inductance of a circuit which is 
linked by its own magnetic field when a change of current in it at the rate 
of 1 ampere per second establishes an e.m.f. of 1 volt. 

Capacity. — The farad. — 1 farad is the capacity of a condenser when a 
ohaiging current of 1 ampere is maintained by an ejni. which i& increasing 
at the rate of 1 volt per second. 

Energy. — The joule, — 1 joule is the energy, expended in a circuit in 1 sec- 
ond by a current of 1 ampere under an.e.m.f . of 1 volt. 

Power. — The watt, — 1 watt is the. power in a circuit where energy is ex- 
pended at the rate of 1 joule per second. 

Angular Velocity. — Radian per second. 

Impedance. — The Ohm, — Note. — The product of an. inductance and an 
angular velocity is an impedance in ohms. The reciprocal of the product 
of a. capacity and an angular velocity is an impedance in ohms. 

Admittance. — The mho, — A circuit of impedance 1 ohm has an admittance 
of 1 mho. Note. — Admittance in mhos is the reciprocal of impedance in 
ohms. 

Reactance. — The o^m.^^That portion of the impedance which represents 
the impedance in an equivalent series circuit of the. reservoir for energy 
storage. 

Conductance. — The mho, — That portion of the admittance which repre- 
sents in an equivalent branched circuit, one branch of which is resistance 
and the other reactance, the reciprocal of the resistance. 

Susceptance. — Ths mho, — ^The reciprocal of the reactance of the equiva- 
lent branched circuit described under " conductance '' above. 
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Affel, 124 

Alexanderson, 96| 145 
Alternating functioni 8 
Alternator, 95 
Ampere, 3 
Amplifier, gaseous, 40 

magnetic, 143 

vacuum tube, 48 
Amplitude, 14 
Angle of lead, 14 

of lag, 14 
Angular velocity, 9 
Anode, 37 
Antenna constants, 137 

design, 115 

ground, 119, 158 

loading, 138 

radiation resistance, 118 
Anti-node, 115 
Arc, carbon, 40 

characteristic, 104 

Poulsen, 108, 149 

types, 108 
Armstrong, 141, 143 
Arnold, 140 

Atmospheric disturbances, 158 
Attenuation, 118, 167 
AudibiUty, 146 
Audion, See vacuum tube. 
Austin's transmission formula, 118 

Beats, audible, 59 

Bellini-Tosi directive system, 157 

Bjerknes method for decrements, 133 



BuUard, 116 
Buzzer excitaiion, 85 



Cable, ttansmisaoiL in, 168 
Capacity, 6 

ground, 119 

of series aad paraUelcandenaers, 
130 
Carboa arc;,.40 
Carrier waves, 121, 123 
Carriers of electricity, 2,- 36 
Carty, 123 
Cathode, 37 
Coherer, 58 
Commutation,. 55 
Compensation wave, 150 
Complex frequency. constants, 71 
.Condenser, 6 

Construction of, .128 
Conduction of electncity, % 36 
Conductivity, 4 
Conjugate vefttor, 15,20 

Omission of a, 21 ^ 
Cosine, 10 
Coulomb, 3 
Counterpoise, 119 
Coupling, 77 

measurement of^ 86 
Crystal detector, 57 
Current, 3 

Measurement of, Chapter IV 

General expression for, 21, 66 
Cycle, 8 
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"A" 163 

Damped oscillations, 63 
Damping, 64 
Decrement, 64 

of coupled circuits, 135 
of wavemeter, 132, 134 
measurement, 133, 136 
DeForest Audion, 41 
Degrees of freedom, 74 
Detection, Chapter IV 
Detectors, classified, 55 
Direction finding, 155 
Directive transmission, 156 
Distributed lines, 164 '' 

Driving-point impedance, 77 
Driving-driven-point impedance, 78 
Duplex telegraphy, 154 
Dynamic characteristic, 104 

€ = base of Naperian logarithm, 13, 18 

Electrification, 1 

Electro-dynamometer, 53 

Electrolytic detector, 58 

Electromagnetic transmission. See 
Wave. 

Electromotive force, 3 

General expression for, 21, 66 

Electron, 1, 2, 36 

Emission of electrons, 37 

Energy, Storage reservoirs for elec- 
trical, 4, 66 

Equivalent circuit of transformer, 87 
of uniformly distributed line, 
169 

Ether, 111 

Exponential expression of sinusoid, 
13, 17, 21, 63 
for wave motion, 162 

Extinction voltage, 109 

Farad, 6 

Feed-back circuit, 102, 140 



Fleming valve 56 
Flux, magnetic, 25 
Forced current, 68 
Freedom, Degrees of, 74 
Frequency, defined, 8 

changer, 99 

constants of transients, 70 

measurement, 130 

meter, 84 

Galvanometer, 53 

General expressions for current and 

e.m.f., 66 
Grenerator, Alexanderson, 96 

arc, 108 

Goldschmido, 97 
Grid, 45 

circuit condenser, 141 
Ground antenna, 158 

resistance, 119 
Group frequency, 56, 89 

Henry, 6 

Hertz, 113 

Heterodyne receiving, 61, 123, 140 

Hot-wire ammeter, 54 

Howler, telephone, 102 

Hyperbolic functions, 171 

Hysteresis, 30 

Ignition voltage, 109 
Imaginary component, 13 
Impedance, definition, 3, 7 

driving point, 77 

driving-driven point 78 

motional, 32 

symbolic, 72 

vector, 22 

of vacuum tube, 49 

for transmission line, 167 
Impulse excitation, 91 . 
Inductance, defined, 5 

Construction of, 125 
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Indunctance, Self and mutual com- 
pared, 77 

variable, 126 
Induction, magnetic, 25 
Inductor alternator, 95 
Inverse operators, 7 

rates of change, 19 
Ion, 36 
Ionization, 38 
Iterative impedance, 167 

"i," 12 

Jack, telephone, 139 

Kennelly, 124 

Kolster decrement meter, 131 

Lag, 14 

Lead, 14 

Leakage in transmission lines, 164 

Linear relations, 62 

Litzendracht wire, 125 

Loading, of antenna, 138 

of transmission lines, 170 
Logarithmic decrement, see Decre- 
ment. 
Lumped lines, 164 

loading, 170 

Magnetic amplifier, 143 

detector, 58 

field, 25 

force, 25 

poles, 25 
Marconi directive antenna, 158 

transmitter of 1896, 70 
Mercury arc rectifier, 101 
Mho, 165 

Modulation, 121, 123 
Multi-layer coils, 126 
Multiplex telegraphy, 152 
Mutual inductance, see Inductance. 



Natural oscillation, see Transient. 
Node, 115 

Ohm, 3 
Ohm's Law, 4 
Operator, see j, 

see p. 

see p-^. 

inverse, 6, 7 

vector, 12 
Oscillating circuit, 66 

vacuum tube, 102, 140 
Oscillation transformer, 88 
Oscillations, damped, see Chapter 
V. 

sustained, see Chapters I and 
VI. 
Oscillator, simple, 113 

Hertzian, 113 

complex, 115 
Oscillogram showing detector action, 

142 
Oscillograph, 53 

"p", 5, 6 

"p," Special property of, 71 

"2^-1", 7 

Pederson on the Poulsen arc, 109 

Period, 8 

Permeability, 25 

Phase, 14 

Plate circuit of vacuum tube, 45 

Plug, telephone, 139 

Poulsen arc, 108 

starting of, 149 
Practical system of units, see Table 

III. 
Propagation constant, 167 
Pulsating current, 8 

Quantity of electricity, 3 
Quenched, gap, 89 
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Radian, 9 

Radiation, see Antenna, Oscillator, 
Resistance, and Wave 
motion. 
Radio-goniometer, 157 
Rate of change 5, 6, 7, «ee "p" and 

Real component, 13 
Receiving sets, 150 
Receiver, telephone, 28 
Remote control, 154 
Resistance, 3 

effective, 29 

ohmic, 4, 29 

radiation, IIS 

skin effect, 124 
Resolution of vector, 11 
Resonance, 79 

curves, 80 
for coupled circuit, 135 
Rosa, 130 
Rotating vector, 13 
Rotary gap, 93 

Safety gap, 149 

Secrecy, 154 

Shunted capacity of a coil, 126, 128 

Sine, 9 

Singing circuit, 101 

Sinusoidal fimction, 8, 16 

Skin effect 124 

Space rate of change, 163, 165 

Spark discharge, 39 

Spark gap excitation 70, 87 

Squiers, 123 

Standby adjustment, 138 

Static, 158 

characteristic, 104 
Sustained oscillations, see Chapters I 

and VI. 
Symbolic impedance, 72 
Synchronous gap, 91, 93 



"T"-equivalent of transformer, 87 

of transmission Ime, 169 
Telegraphy, radio, 120 
Telephone receiver, see Chapter 

II. 
Telephony, radio, 121 
Thermocouple, 54 
Tikker, 58 

Time rates of change, see p, p-^. 
Tone circuit, 93 
Tone wheel, 59 
Transformer, equivalent circuit, 87 

as frequency changer, 99 
Transient current, 67, 83 
Translating device, 60 
Transmission, directive, 156 

over wires, see Appendix. 

of intelUgence, 122 
Transmitting sets, 147 
Three-element vacuum tube, 45 
Two-element vacuum tube, 41, 56 

Units, electrical, see Table III, also 
p 3. 

U. S. Navy, 116 

Vacuum, 37 

Vacuum tube, see Chapter III. 
amplifier, 48 
circuits, 139 

current limiting device, 140 
detector, 47, 62 
oscillating, 102 
uses of, 140 
Van der Bijl, 45 
Variometer, 127 
Vector, 10 

addition of, 10 
conjugate, 15, 20 
imaginary, 13 
impedance, 22 
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Vector, real, 13 

resolution of, 11 
rotating, 13 

Velocity, angular, 9 
of waves, 111, 167 



Wave length, 113 

optimum, 120 
meter, 84, 131, 134 
motion, 112, 120, 160, 162 

W. £. Co. vacaum tube, 41 



